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ABSTRACT
Urban natural areas are vegetated areas within cities that exhibit characteristics of nonurban natural areas in that they have relatively high levels of self-regulation (low or no
level of management) of natural ecosystem processes and exhibit high taxonomic,
genetic, and structural diversity. When these areas take the form of urban parkland, they
are often managed for their social benefits to urban residents, while their ecological
potential remains underutilized. Growing interest in enhancing biodiversity conservation
in cities has highlighted the importance of improving the ecological planning and
management of urban natural areas, particularly forested natural areas. For the variety of
agencies and non-profit organizations governing and managing urban natural areas,
achieving conservation goals relies on comprehensive ecological data, but this
information is often lacking in spatial resolution or altogether absent in most city parks
and recreation departments across the U.S. Acquiring necessary data depends on
extensive and time-consuming ground surveys, where city budgets and time constraints
can present considerable obstacles. With over 2,000 acres of urban natural areas,
government agencies and nonprofits in Knoxville, Tennessee are facing these same
obstacles. The objectives of this research study were to 1) use drone remote sensing and
traditional ecological field methods to quantify and characterize key indicators of urban
forest health (vegetation, soils, and ecological impacts) of a 42-acre parcel of urban
forested area in Knoxville, Tennessee, 2) investigate statistical relationships between
forest health indicators and 4 vegetation indices derived from drone imagery to assess
(“ground-truth”) a novel drone application in urban forest conservation management, and
3) investigate statistical relationships between forest health indicators and soil physical,
textural, and chemical attributes. Key findings of the comprehensive ecological
assessment reveal the dominance of 129 native plant species, invasion by 11 non-native
plant species, acidic high-carbon soils sufficient in most plant available macro- and
micro- nutrients, and significant relationships between both drone vegetation indices and
soil attributes and key indicators of urban forest health. Findings from this study establish
necessary baseline ecological and soils data and demonstrate a novel application of drone
remote sensing in the conservation management of an urban forested natural area.
iv
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PART I
INTRODUCTION
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Introduction
In 2007, the number of people globally living in rural settings (3.33 billion) was
overtaken by the number of those living in urban settings (3.35 billion) for the first time
in human history (United Nations, 2018). Today, more than 55% of people worldwide
live in cities, and projections estimate that two-thirds of the world’s population (~66%)
will live in urban areas by 2050 (United Nations, 2019; Ritchie and Roser, 2020). The
future of humanity is urban.
This trend of rapidly increasing urbanization rates is due to overall increases in
the human population and migration to urban areas, which is occurring across all regions
of the globe and is projected to continue growing (United Nations, 2019; Ritchie and
Roser, 2020). As a result, an even more rapid conversion of natural and rural land (e.g.
deciduous forest, rainforest) to landscapes dominated by human infrastructure is taking
place. Cities are growing twice as fast in land area as they are in population size (Angel et
al., 2011). Current global estimates of urban land cover (e.g. cities, towns, villages,
human infrastructure) range from 1% - <3% of the world’s surface (Grimm et al., 2008;
Ritchie and Roser, 2020). Between 2000 and 2030 this number is projected to triple (Seto
et al., 2012).
Presently within the United States, where roughly 82% of the population is urban,
expanding urban land cover is following global trends (United Nations, 2019). Estimates
from Nowak and Greenfield (2018a) between 2000 and 2010 show U.S. urban land
increased from 2.6% to 3.0%, and projections suggest this number will increase to 8.6%
(163.1 million acres) by 2060. In 2010, regional variation in urban land cover across the
50 U.S. states ranged from 0.2% (Montana and Wyoming) to 39.8% (New Jersey)
(Nowak and Greenfield, 2018a).
Abiotic and Biogeochemical Impacts of Urbanization
Despite the relatively small portion of global area occupied by cities, they are
strong forces of local, regional, and global environmental and social change (Grimm et
al., 2008). In fact, urban areas contribute 75-90% of Earth’s anthropogenic CO2
(Trusilova and Churkina, 2008; Gaston et al., 2010). The intensive modification of land
2

alters fluxes and pools of matter and energy, such that abiotic and biotic patterns and
processes of urban ecosystems greatly contrast “natural” ecosystems (Alberti, 2008).
Compared to vegetation and unsealed surfaces, buildings and roads have lower
albedos and increased heat absorption, which affect air temperature. The tendency for
cities to have elevated air and surface temperatures relative to the surrounding landscape
is known as the urban heat island effect (Seto and Shepherd, 2009; Peng et al., 2012).
The additional storage of solar radiation in cities, coupled with automobile exhaust (in the
form of nitrous oxides), and suspended particulates augment ozone formation, resulting
in ozone pollution (Pickett, 2001). Carbon dioxide emissions originating from
concentrated transportation and industrial combustion of fossil fuels also contribute to
warmer temperatures and atmospheric pollution (Pouyat et al., 2007).
The role of impervious surfaces on hydrology in urban areas is crucial to how
water moves through urban ecosystems. Existing streams may be rerouted or paved over
and artificial channels created, with large volumes of water supplies routed in and out of
the city through engineered infrastructure (Gaston, 2010). Precipitation, stormwater
runoff and flooding increase, and groundwater and evapotranspiration decrease (Pickett
et al., 2001). The contamination of water as it circulates through the urban environment
has negative consequences for surrounding streams and urban water quality, including
altered temperature, pH, turbidity, dissolved oxygen levels, suspended solids, and fecal
coliform bacteria (Gaston, 2010).
Considering the formation of soil is an ecological process resulting from
interactions between geologic parent material, time, climate, topography, living
organisms, and the addition of organic material, it is unsurprising that urban soils are
distinct from nonurban soils in their formation, taxonomy, and biogeochemistry (PavaoZuckerman, 2008), since many of these processes are altered in urban environments.
Urban areas are often a mosaic of natural soils and highly modified soils that may be
sealed or filled with materials (e.g. gravels, coal ash, construction debris, human waste)
from elsewhere with the purpose of altering undesirable soil characteristics or supporting
infrastructure (Scheyer & Hipple, 2005). Physicochemical soil properties associated with
urbanization include direct disturbance such as topsoil removal and compaction, altered
3

hydrological flows, soil microclimates, and nutrient cycling, generally higher pH, nutrient
inputs, and contamination, among others (Scheyer & Hipple, 2005; Pavao-Zuckerman,
2008). These factors in turn alter biological soil processes such as the diversity and
abundance of the soil microbial community, organic matter accumulation, and
decomposition rates (Pickett & Cadenasso, 2009).
Biotic Impacts of Urbanization
Urbanization is amongst the leading causes of native species’ local extinctions
and has inevitable effects on non-human species distributions, abundances, and
community compositions (McKinney, 2002). Most obviously, the destruction of natural
land to build roads and buildings fragments and decreases habitat for endemic species
(flora and fauna), with consequences on the availability of space, shelter, and nutrients,
and reproductive capacity. The inherent traits and adaptability of a particular species’
population play important roles in its ability to survive in newly-formed urban
environments. Individual species abundances tend to be influenced in one of three ways;
density peaks in: highly urbanized areas (urban adapters), moderately urbanized areas
(urban exploiters), or rural areas (urban avoiders) (Evans, 2010). Therefore, which
species can adapt to urban conditions and which cannot dictates patterns of biodiversity
in cities.
At local scales, especially in highly intensified urban areas, the diversity of
species decreases, most dramatically in vertebrate species (McKinney, 2008). This
finding reflects the reality that cities are constructed with a single species in mind.
However, at broad scales, studies across a variety of taxa have shown that increasing
human population densities, a frequently used proxy for urbanization, correlate with an
increasing diversity of species (Luck & Smallbone, 2010). One reason for this broadscale trend is the increased number and variety of exotic introduced species in urban
areas, particularly landscape plants, which displace sensitive native species that are
poorly adapted to urban conditions (Kowarik, 2011; McKinney, 2002; Kühn et al., 2004).
At a global scale, this displacement of endemic species by the same commonlyintroduced species in urban areas is known as biotic homogenization (McKinney &
Lockwood, 1999), having the effect of decreasing the global biodiversity pool.
4

Additionally, due to their high levels of disturbance and role as transportation hubs, urban
environments are prone to biological invasion, the process by which non-native invasive
species readily outcompete native species (Klotz and Kühn, 2010). Therefore, the
intensification of urban infrastructure poses particular threats to local biodiversity and
native species poorly adapted to urban conditions.
In an effort to combat the adverse abiotic and biotic impacts of urbanization, there
is increasing awareness of the role that urban nature plays in providing valuable
ecosystem services in urban environments, as well as contributions to local, regional, and
global biodiversity conservation (Ives et al., 2016; Aronson et al., 2017; Soanes &
Lentini, 2019).
Urban Greenspaces and Associated Ecosystem Services
Regardless of distinct regional patterns of urban development, cities are a
heterogeneous mosaic of impervious streets and buildings with pockets of pervious
greenspace. The amount and origin of greenspace in any given city depends on historical
factors as well as cultural and land-use practices (Elmqvist et al., 2013). Urban
greenspace refers to a wide variety of different land cover types (e.g. deciduous forest,
mixed forest, shrubland, wetland, developed land) where any kind of vegetation is
present on both public and private land. Del Tredici (2010) classifies these into three
broad functional categories: remnant landscapes (e.g. natural areas such as remnant
forests and wetlands), managed horticultural landscapes (e.g. highly manicured public
parks, cemeteries, greenbelts, open lawns, community and residential gardens), and
abandoned ruderal landscapes (e.g. vacant lots, successional woodlands, post-industrial
land). Each landscape type is distinguished by its primary vegetation, soil characteristics,
and maintenance requirements. Though highly varied in form and function, urban
greenspaces contribute vital green and blue infrastructure to support ecosystem services
in cities, making cities more sustainable. Ecosystem services are defined as the benefits
people obtain from ecosystem functions, either directly or indirectly (Millennium
Ecosystem Assessment, 2005).
Sociocultural ecosystem services of urban greenspace include improved human
health and well-being in the form of space for recreation and physical exercise,
5

socializing, solitude and refuge from the built environment, aesthetic beauty, creating a
sense of place, education, stress and crime reduction, and economic contributions
associated with environmental amelioration and increased property values, among many
others (Miller et al., 2005; McKinney and VerBerkmoes, 2020). The value placed on
sociocultural ecosystem services differs among populations and cultures (Ernston and
Sörlin, 2013; Jennings et al., 2016; Dade et al., 2020), and oftentimes, the local benefits
of urban greenspace are unequally distributed, disfavoring lower-income communities,
and minority areas (Heynen et al., 2006; Comber et al., 2008; Sister et al., 2010; Bruton
& Floyd, 2014; Wolch et al., 2014; but see Rigolon, 2016).
Environmental functions and benefits of urban greenspace include climate
regulation, urban heat island mitigation, carbon sequestration, air and water pollution
reduction, water purification and stormwater retention, nutrient cycling,
phytoremediation, erosion control, soil formation, food production, habitat for wildlife,
and biodiversity conservation, among others (Chen & Jim, 2008; Lovell & Taylor, 2013;
Miller et al., 2015). In the face of climate change, rapid global biodiversity loss, and
humanity’s increasing disconnection to nature, urban greenspaces play a vital role in
providing valuable ecosystem services to address current and future challenges. However,
there is a great deal of variation in urban greenspace form and function, and the ability to
deliver the desired benefits is directly affected by how urban greenspace is managed at
multiple scales (Sadler et al., 2010).
Management and Governance of Urban Greenspace
In the United States, a common approach to integrative urban greenspace
management is the multidisciplinary practice of urban forestry defined as “the art,
science, and technology of managing trees and forest resources in and around urban
community ecosystems for the physiological, sociological, economic, and aesthetic
benefits that trees offer to society” (Konijnendijk et al., 2006). Most forms of urban
greenspaces can be considered components of the urban forest, defined as “all woody
and associated vegetation in and around dense human settlements, ranging from small
communities in rural settings to metropolitan areas” (Miller et al., 2015). Modern urban
forestry takes an ecosystem management approach, which, in addition to the planning,
6

establishment, and care of tree stands and individual trees, includes the management of
soil, watershed, biodiversity, wildlife habitat, and other associated resources (Miller et
al., 2015).
A vast array of individuals, public agencies, private companies, and organizations
are responsible for the planning, management, and governance of urban greenspace.
Approximately 75% of urban tree cover in forested regions of the U.S. is found on
residential and vacant land (Nowak & Greenfield, 2018b). As a result, most urban trees
are managed by individuals, agents of individuals (e.g. commercial arborists, landscape
contractors), or not managed at all (Miller et al., 2015). Public trees and land account for
just 10% of the urban forest in U.S. cities (Miller et al., 2015). Effective management of
these areas requires public agencies that influence funding allocations, policies, and laws
at the federal, state, and local levels working in collaboration with private sector
organizations, non-profits, and community stakeholder groups (Forgione et al., 2016;
Zefferman et al., 2018).
Urban greenspace is managed for a variety of economic, social, and
environmental goals. Top management priorities are frequently focused on the multitude
of social services provided, including enhancing the beauty of working and living
environments, intensive recreation areas such as ball fields, and passive recreation areas
like parks and picnic areas (Konijnendijk, 2005; Miller et al., 2015). When managed for
ecosystem service provisioning, urban greenspace can provide watershed protection, air
pollution reduction, and amelioration of urban mesoclimates (Konijnendijk, 2005),
among many others. Because public urban greenspace serves the interests of the public, it
is subject to the sociocultural values, attitudes, and perceptions of people in cities, which
in turn influences forestry practices outside of urban ecosystems.
Balancing human needs and perceptions with ecological function is a key
challenge of urban greenspace management. Oftentimes, areas associated with higher
ecological function are perceived as ‘messy’, ‘scary’, or ‘unsafe’ (Konijnendijk, 2012).
This results in widespread management practices like turf grass lawn maintenance,
pesticide and herbicide applications, pruning and removal of vegetative debris, and
habitat simplification that are a detriment to the often-overlooked native biodiversity in
7

cities (Aronson et al., 2017). Once cultural ideas begin to shift towards a view of urban
nature as shared habitat, they can be managed as such, and the currently underutilized
biodiversity conservation potential of urban greenspace can begin to be realized.
Biodiversity Conservation in the City
Results from a brief search on the Web of Science database indicate research on
urban biodiversity is burgeoning (Fig. 1.1, pp. 9) and crosses a broad array of research
areas in natural and social sciences (Fig. 1.2, pp. 9). However, descriptive research and
multidisciplinary interest alone are insufficient for conserving urban biodiversity. The
ability for city planners and decision-makers to set realistic goals and create policies that
preserve biodiversity in cities relies on addressing key motivations and challenges, as
well as rigorous research studies that demonstrate how cities can directly support viable
populations of native, rare, and endangered species (Shwartz et al., 2014a). Additionally,
because cities harbor a wealth of non-native species (McKinney, 2006), the definition of
biodiversity in the context of urban environments and the value that non-native species
contribute to (or detract from) urban biodiversity are central considerations for
motivations and desired outcomes (Dearborn & Kark, 2009; Riley et al., 2018a).
Given the many adverse impacts human-dominated systems have on the natural
environment, it is unsurprising that efforts to protect biological diversity have historically
been focused in more natural landscapes with relatively low levels of human impact
(McDonnell and Niemelä, 2011). Though some believe biodiversity conservation should
remain exclusive to these wilder areas, there are numerous motivations for urban
ecosystems to serve as another arena for conservation biology, with benefits to both
humans and nature (Dearborn & Kark, 2009).
Urban areas are not devoid of local native biodiversity, and therefore they have
the potential for conservation goals. In fact, several studies have shown that some cities
are naturally species rich, are hotspots for threatened and endangered species, and can
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Fig. 1.1 Number of publications (research articles and/or book chapters) between 2010 and 2019
that contain “urban” and “biodiversity” in the title (n=292). Results based on Web of Science
Core Collection database search criteria “Title = (urban AND biodiversity),” accessed 18 June
2020.

Fig. 1.2 Web of Science Research Area Treemap. Results show the number of publications
(research articles and/or book chapters) between 2010 and 2020 that contain “urban” and
“biodiversity” in the title across different research areas (n=316). Results based on Web of
Science Core Collection database search criteria “Title = (urban AND biodiversity),” accessed 18
June 2020.
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successfully sustain species populations (Lawson et al., 2008; Kühn et al., 2014; Ives et
al., 2016; Barrico et al., 2018; Soanes & Lentini, 2019). Greater investigation into the
ecological inventories of cities is likely to reveal similarly high levels of biodiversity,
since cities are often established in ecologically rich areas (Dearborn & Kark, 2009).
Sadler and co-authors (2010) compiled literature to investigate correlates of urban
greenspace influencing animal biodiversity in cities. Their findings show that local
variables are more important than landscape factors for supporting biodiversity,
regardless of taxonomic group. This suggests that ecologically-informed management of
local greenspace units can provide appreciable benefits to biodiversity.
Greenspace in cities can also serve as stopover sites and, with careful
provisioning and configuration, can collectively provide landscape linkages for important
migratory species and natural populations (Bender et al., 2004; Evans, 2007; Bino et al.,
2008). Greco and Airola (2018), for example, found that greater native valley oak
(Quercus lobata) canopy abundances supported greater abundances of neotropical
migrant bird species in remnant urban forest areas of Sacremento, California. Landscape
factors contributing to species success and limitation across a variety of taxa include
fragmentation, density of impervious surfaces, neighboring greenspace proximity and
quality, landscape diversity, shape complexity, and water networks, among others
(Sandler et al., 2010; Rastandeh et al., 2017; Czortek & Pielech, 2020).
The “extinction of experience” describes the disconnection between people and
nature in urban environments due to the lack of authentic interaction with the natural
world (Miller, 2005). Many studies have demonstrated myriad ways in which humanity
has “lost touch” with nature (reviewed in Zylstra et al., 2014; Kesebir & Kesebir, 2017;
Hooykaas et al., 2019). This is popularly called nature deficit disorder (Louv, 2005).
With most of the human population currently living in urban areas and considering the
growing list of physical and psychological benefits of interacting with nature (Keniger et
al., 2013; Sandifer et al., 2015), it is of critical importance, then, that cities foster
opportunities for urban residents, especially children, to connect with and learn about
nature. Soga and colleagues (2016) conducted a survey with 225 university students in
Tokyo, Japan to investigate the relationship between their contact with nature and their
10

emotional connectedness to and perceptions of nature. They found that students’ current
and childhood frequencies of contact with nature were positively related to both
emotional connectedness to and perceptions of nature, indicating the importance of
interacting with nature in valuing it. Urbanites’ attitudes, values, and perceptions about
nature (e.g. Shwartz et al., 2014b) are essential to understanding the motivations of
behaviors that contribute to environmental destruction as well as providing public support
for policies promoting nature preservation (Kals et al., 1999; Fuller and Irvine, 2010).
The human-derived benefits from ecosystem functions, or ecosystem services, are
discussed in the context of urban greenspace on pages 5-6. Since these spaces provide
essential habitat for many urban species, many of the same environmental and social
benefits apply in the context of urban biodiversity conservation. In a study testing the
effect of urban biodiversity on human wellbeing, Fuller and colleagues (2014) found that
the psychological benefits of urban greenspace increased with increasing species
richness. Further research investigating the specific links between biodiversity and
human wellbeing is rife with opportunities and remains largely unexplored (Haussman et
al., 2016; Botzat et al. 2016).
Finally, urban ecosystems can serve as models to facilitate greater understanding
of how different species may respond to inevitable future urbanization. Such research
findings could help inform urban biodiversity policies and mitigate impacts of
urbanization (Dearbon & Kark, 2009). Research should consider how local urban
biodiversity relates to broader species pools, rather than focusing solely on urban species
diversity (Shwartz et al., 2014a). As Dearborn and Kark (2009) eloquently state, “if
urban biodiversity is worth protecting for any of the other reasons outlined here, then
studying and protecting native urban biodiversity now will allow better protection in the
future.”
Challenges in Urban Biodiversity Conservation
Several key challenges exist to protecting biodiversity in urban areas, some with
inevitable trade-offs between ecological integrity and human wellbeing. Increased
urbanization to support a growing urban population threatens biodiversity both within
cities and in surrounding rural areas as cities expand. Low intensity urbanization spreads
11

this impact across wider areas (leading to urban sprawl), whereas high intensity impacts
are concentrated in a smaller area, usually by building on existing land parcels within
cities (urban intensification) (McKinney, 2002; Sushinky et al., 2012). Urban
intensification presents trade-offs between maintaining urban species diversity and
people’s access to local greenspace and biodiversity interactions within cities (Sushinky
et al., 2012).
An important social function of urban greenspace is recreation, which has myriad
physical and mental health benefits. However, outdoor recreation has unavoidable
impacts on the environment and the species that rely on it, ranging from soil compaction
to shifts in wildlife behaviors (Gutzwiller et al., 2017; Huddart, 2019). If urban
ecosystems are to support a diversity of species, a major challenge for city planners and
policy makers is finding cost-effective ways to balance social and ecological objectives
when managing urban natural areas (Aronson et al., 2017). Multidisciplinary research
that integrates social and ecological data can improve understanding of urban greenspace
structure and function and promote currently underutilized conservation potential
(Zefferman et al., 2018; Johnson et al., 2018).
Urban environments exhibit numerous novel features for urban wildlife. These
features (e.g. roads, buildings, light and noise pollution, novel urban greenspace) may
sometimes act as ecological traps or sink habitats for wildlife when a species
preferentially selects low-quality habitat over other available high-quality habitat.
Persistent selection of degraded or sink habitats can have profound consequences on
reproduction and survival rates, and can lead to local extinction (Robertson et al., 2013;
Lepczyk et al., 2017). Current research is revealing a wide variety of taxa that suffer from
ecological traps in urban areas (Demeyrier et al., 2016; Sievers et al., 2018; Vlaschenko
et al., 2019). In order to make informed policy recommendations, there is an urgent need
for further research to untangle which factors generate traps.
Second only to habitat destruction as the greatest threat to biodiversity in the
United States is the spread of invasive alien species (Wilcove et al., 1998). Urban
environments exhibit many characteristics that make them highly prone to becoming
hotspots of biological invasion (Klotz & Kühn, 2010). Most importantly, both intentional
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and unintentional species introductions are concentrated in cities due to increased traffic
and transportation of goods and plantings used for landscaping and gardening. High
levels of ecosystem disturbance, warmer and milder climates compared to the
surrounding landscape, and soil intermixing are also contributing factors (Klotz & Kühn,
2010). These conditions can create the “perfect storm” and lead to invasional meltdowns
(Simberloff & Von Holle, 1999). Therefore, control of invasive species is paramount for
urban biodiversity conservation. Jang and colleagues (2020) conducted a study
investigating the relationship between invasive species occurrences and socioeconomic
variables in two Canadian cities. While relationships between species occurrences and
socioeconomic factors varied depending on the site and invasive species, their findings
present a novel approach to help land managers initiate proactive invasive plant
management and protect native urban biodiversity (Jang et al., 2020).
Urban Wilderness
Although the term ‘wilderness’ often calls to mind unmanaged, pristine remnant
patches of Nature absent of human impacts, and therefore antithetical to civilization and
cities, wilderness is a colonialist concept largely constructed by Western culture and has
evolved over time (Cronon, 1995). Many natural areas considered wilderness today (e.g.
U.S. National Parks) are managed ecosystems once associated with desolation and
ungodliness until shifts in human-nature interactions and social values resulted in their
modern romanticization (Cronon, 1995; Jorgensen & Tylecote, 2007). Urban wilderness,
then, refers to forms of urban greenspace that exhibit both social and environmental
characteristics of wilderness and provide unique benefits for people and biodiversity in
cities.
Urban greenspace with high urban wilderness qualities is distinguished by high
levels of self-regulation (low levels of management) of natural ecosystem processes and
exhibit high taxonomic, genetic, and structural diversity (Kowarik, 2018; Threlfall &
Kendal, 2018). Urban wilderness varies in permanence, form, land-use history, species
composition (native or non-native species occurrence), and level of human involvement
in community assembly (Threlfall & Kendal, 2018). Taxonomic composition of urban
wilderness exists along a gradient and can closely resemble a reference ecosystem
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(‘historic’ compositions), or lack a reference ecosystem, generating ‘novel’ species
assemblages (Hobbs et al., 2013). Likewise, community assembly falls along a gradient
of human involvement, from ecosystems requiring high levels of initial management to
naturally occurring, arising spontaneously. Conserved remnant forests, restored wetlands,
abandoned reclaimed wastelands, successional woodlands, and novel designed meadows
are all examples of urban wilderness (McKinney et al., 2018; Kowarik, 2018).
Urban wilderness provides many of the ecosystem services outlined on pages 5-6.
However, the characteristics unique to urban wilderness are what distinguish it from
traditional highly-managed amenity urban greenspaces, resulting in distinct ecological
contributions to sustainable urban ecosystems (McKinney et al., 2018). In one study,
researchers measured vegetation structure and composition across four major urban
greenspace types and found remnant patches exhibited the highest structural complexity
of understory vegetation and supported the highest native plant richness (Threlfall et al.,
2016). As habitat, the structural complexity and minimal soil disturbance of urban
wilderness encourages the persistence of biodiverse communities, supporting species that
would otherwise be absent from urban environments, even including endangered and
other species of high conservation value (Threlfall & Kendal, 2018; Zefferman et al.,
2018).
A variety of studies across the social sciences have investigated the human
dimensions of urban wilderness, though these are almost exclusively from ‘developed’
countries. In the U.S. and Western Europe, urban wilderness concepts are generally
becoming accepted (Kowarik, 2018). High-profile landscape architecture projects such as
the Highline in New York City are drawing aesthetic inspiration from wilderness
concepts, though the general public’s preferences for ‘wilder’ aesthetic in urban nature is
mixed (Threlfall & Kendal, 2018). This is because urban wilderness is also influenced by
people’s values, attitudes, and (especially safety) perceptions of wilderness, with
sociocultural background playing an important role (Kowarik, 2018; Riley et al., 2018b).
Urban wilderness has potential to provide unique human-nature interactions and
environmental educational opportunities in cities through topographical variation,
geology, flowing water, phenology of leaf burst, flowering plants, wildlife viewing and
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interactions, and changing foliage color, among many others (Threlfall & Kendal, 2018).
More densely vegetated areas could also foster unique opportunities for solitude and
reflection that would otherwise be challenging to access for many urban dwellers.
The management of urban wilderness areas is also an important distinguishing
feature. In contrast to highly-maintained greenspaces that use management practices such
as mowing, weed control, pruning, and vegetative debris removal, urban wilderness is
often the result of minimal or nonexistent management. From an urban planning
perspective, urban wilderness areas are increasingly high on the agenda due to their low
maintenance costs and numerous ecological and social benefits (Kowarik, 2018; Riley et
al., 2018b). Governance of urban wilderness areas varies widely, often involving a
variety of stakeholder groups, from local, state, and federal governments, non-profit
organizations, private landholders, and in the case of many novel wild spaces,
governance is altogether absent (Threlfall & Kendal, 2018; Zefferman et al., 2018).

Statement of Problem
Knoxville, Tennessee is a city in the Southeastern United States with a population
of approximately 187,500 (U.S. Census Bureau 2018). For its size, Knoxville has an
exceptional amount of greenspace within the city limits, totaling over 2,200 acres
according to the city’s parks website (City of Knoxville Parks and Recreation, 2020). At
least 50% (>1,200 acres) of this greenspace is in the form of urban wilderness areas,
primarily managed for both passive and active recreation.
Efforts to preserve and expand Knoxville’s urban wilderness are championed by a
variety of stakeholder groups including city, county, and state governments, private
foundations, recreation organizations, private landholders, and local non-profit
organizations. In April 2018, Mayor Madeline Rogero proposed a $10 million urban
wilderness expansion project, providing an entranceway from downtown Knoxville into
the most popular urban wilderness area in the city. Despite recognition of the high value
and proportion of quality greenspace, very little baseline ecological data has been
collected in Knoxville’s urban wilderness areas, resulting in a largely underutilized
potential for biological conservation (but see Zefferman et al., 2018).
The research outlined herein aims to close some of the ecological knowledge gap
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in Knoxville’s urban wilderness. With an elevational range of 320 m to 420 m (1,050 ft to
1,379 ft), Sharp’s Ridge is the highest point in the city of Knoxville (Mooney et al., 2006;
“Sharp’s Ridge Memorial Park”, 2014). The ridge is one of several parallel ridges in
eastern Tennessee that run northeast to southwest and is characteristic of the Southern
Appalachian Ridge-and-Valley physiographic province (Hartgrove, 2006; Mooney et al.,
2006). Underlying carbonate bedrock is characterized by soft interbedded shale, siltstone,
and sandstone (Hartgrove, 2006). The dominant vegetation consists of hardwood and
pine forest; however, a variety of natural and anthropogenic disturbances are evident and
indicative of past and present land uses. Sharp’s Ridge Memorial Park comprises 111 of
the 200+ acre land area and is dedicated to picnic areas, mountain biking, and hiking
trails. A large remainder of the land along the ridge is privately owned by several
commercial communication companies that have installed communication towers, power
lines, and satellite dishes across the landscape. Despite anthropogenic disturbances,
Sharp’s Ridge is biologically diverse. In the 1950s, it was identified as a migrant stopover
site for neotropical migrant bird species and has become well-known amongst birders as
a local avian biodiversity hotspot. According to the Tennessee Important Bird Area (IBA)
Site website (Mooney et al., 2006),
“[T]he number of migrant species present exceeds 50, including about 30
warblers, 5 vireos, 5 thrushes, as well as many other species […]. The total
number of migrant songbirds present on any good day in the spring is in the
hundreds, and the total for the spring season is easily in the thousands.”
Recognizing the conservation and recreational potential at Sharp’s Ridge, the
Legacy Parks Foundation (LPF), a Knoxville-based nonprofit organization dedicated to
conservation and connecting urban residents to outdoor recreation opportunities, acquired
42 acres of woodland on the north-facing slope of the ridge in 2017. The LPF seeks to
connect and expand the existing 111-acre Sharp’s Ridge Memorial Park on the southfacing slope by developing a trail system on the 42-acre parcel, which will link the
currently disconnected North Ridge Crossing housing community to the park. LPF’s
goals for this parcel are to compatibly design a passive trail system that will conserve
native plant biodiversity, preserve vital migratory bird habitat, connect underserved
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communities to unique nature recreation opportunities, and promote habitat restoration
through the removal of non-native exotic invasive plants. To date, no systematic
ecological inventories have been completed for the urban forest at Sharp’s Ridge. A soil
map of the land parcel (Appendix 1, Fig A1.1, pp. 28) indicates a mix of ApisonMontevallo, Salacoa, and modified urban soils (see Appendix 1, Table A1.1, pp. 28 for
interpretation).
Objectives and Research Hypotheses
The primary objectives of this research study were to use traditional field methods
and drone remote sensing to quantify and characterize urban forest condition and
composition (vegetation and soils) in a 42-acre parcel on Sharp’s Ridge to inform
conservation management. An ecological inventory was conducted at 17 constructed
1/10-acre plots to investigate: (1) overstory, midstory, understory, and plot-level species
richness, diversity, and equitability (2) physical, chemical, and textural properties of
soils, and (3) plot-level impacts and attributes. The data from this inventory were used to
characterize the urban forest and establish key indicators of urban forest health for each
plot (Table 1.1, pp. 18). At 12 of the 17 plots, drone imagery was collected and used to
calculate four different vegetation indices (NDVI, NDRE, GNDVI, GRVI). Research
objective 1: Identify relationships between four different vegetation indices and plot-level
forest impacts to assess (“ground-truth”) the accuracy of a novel drone application of
urban forest management. Hypothesis 1.1: Lower vegetation index values will be
associated with indicators indicative of poorer forest condition (e.g. less vigorous
overstory trees, lower percent canopy closure, etc.). Research objective 2: Characterize
soil properties of plots on Sharp’s Ridge, and identify relationships between soil
attributes (textural, physical, and chemical) and key ecological indicators of healthy
urban forests. Hypothesis 2.1: Soils lower in plant available nutrients and with higher
bulk densities will be positively associated with indicators of poor forest condition and
composition (e.g. less vigorous overstory trees, low plant abundances, lower species
diversity and equitability, higher invasive species impacts).
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Table 1.1 Key ecological attributes collected at each sampling plot. Modified from Forgione et
al., 2016.
Indicators
Field measurements
Level of measurement
Relative basal area of
Overstory trees (>10 cm DBH)
native tree species
Species
Diversity & Equitability
DBH
of native species
Vigor
11.3 m radius plot
(Shannon’s H & E)
Proportion of trees with
healthy forest canopy
Diversity & Equitability
Midstory trees (2-10 cm DBH)
of native species
11.3 m radius plot
Species
(Shannon’s H & E)
No vines overtaking the
Vine class
When attached to overstory
forest canopy
Species
or midstory trees only
Stage of growth
Diversity & Equitability
Understory
of native species
4 1mx1m subplots (NW,
Species
(Shannon’s H & E)
NE, SW, SE)
Percent cover
Herbaceous species
Species richness
Additional species
11.3 m radius plot, only if not
inventoried in other strata
Soil quality and chemistry Soil sample
suitable for supporting
Volumetric water content
native plants
Gravimetric water content
Bulk density
5 cores from each subplot
in the 11.3 m radius plot
pH
(NW, NE, SW, SE)
Buffer pH
Texture
Organic matter
Plant available nutrients
Proportion of plot
Impacts
impacted
Anthropogenic
Dumping
Trespassing
Ecological
11.3 m radius plot, 20 m
Canopy gap
buffer
Invasive species
Fire
Tree damage
Fine woody debris
Soil modification
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Appendix 1

Fig. A1.1 Soil map for the 42-acre parcel at Sharp’s Ridge (Web Soil Survey, 2019).

Table A1.1 Soil map legend for Area of Interest presented in Fig. A1. (Web Soil Survey, 2019).

Note: Apison-Montevallo (Am) soils are loamy/shaly soils commonly found on ridgetops with
varying depths and characterized by shale or siltstone material with sandstone, derived from
residuum or colluvium. Salacoa (S) is the deepest, most well-drained soil in this complex, derived
from colluvium. The AMS complex are found in steep mixed woodlands. Urban land-Udorthents
are typical in urban areas where soils have been modified by cutting, filling, or mechanical
disturbance.
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Abstract
In several cities across the U.S., land managers are shifting towards the ecological
management of urban greenspace to enhance environmental outcomes and protect the
often-overlooked biodiversity in urban environments. Achieving these goals relies on
systematic ecological inventories, which are often lacking in spatial resolution or entirely
absent. Efficient and cost-effective strategies to gather missing information are essential
for land managers. Drone remote sensing has great potential to fill these data gaps, but
few studies have explored their applications in the context of urban forested natural area
management. This study used drone remote sensing and traditional ecological field
methods to: (1) assess the composition and condition of a forested natural area in
Knoxville, Tennessee and (2) investigate the relationship between key indicators of forest
health and four vegetation indices (VIs) derived from drone imagery. We found that this
urban forested area is biologically diverse and dominated by native species, but several
indicators of forest health (proportion of invasive species, canopy vines, canopy gaps,
healthy overstory trees, anthropogenic dumping) reveal areas of conservation concern.
Additionally, regression models revealed significant relationships between key indicators
of forest health (canopy gaps, overstory tree vigor, canopy vines, invasive species
impacts, and anthropogenic dumping) and values of Normalized Difference Vegetation
Index (NDVI), Normalized Difference Red-Edge (NDRE), and Green NDVI. This study
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demonstrates a novel and potentially very useful application of drone remote sensing in
the ecological management of an urban forested natural area.
Keywords: urban natural area, urban forest, ecological management, urban biodiversity,
drone remote sensing, unmanned aerial system, vegetation index

Introduction
Globally, greenspaces in cities are becoming increasingly recognized for their
social and ecological contributions to urban ecosystems. For city dwellers, urban
greenspaces provide an avenue for accessible interactions with nature, which have been
shown to result in myriad cognitive, physiological, and psychological benefits
(McKinney and VerBerkmoes, 2020; Jennings et al., 2016; Fuller & Irvine, 2010). Much
of the focus on urban greenspace has been motivated by the variety of environmental
ecosystem services it provides in urban areas including air and water pollution reduction,
urban heat island mitigation, carbon sequestration, water purification and stormwater
retention, and nutrient cycling among others (Gaston et al., 2010; Lovell & Taylor, 2013).
More recently, investigations into urban biodiversity conservation reveal there is high
potential for urban greenspace, particularly urban forested areas, to protect native
biodiversity and provide habitat to a diverse array of taxa (Ives et al., 2016; Aronson et
al., 2017; Soanes & Lentini, 2019; Pregitzer et al., 2019).
Cities are complex environments for conserving natural habitat and the multitude
of species that rely on it. The planning, management, and governance of urban
greenspace typically includes a wide variety of local, state, and federal agencies working
in collaboration with non-profit organizations and community stakeholders (Zefferman et
al., 2018). Social and economic objectives often take precedence to ecological objectives
for urban greenspace planning and management which means more often than not they
are managed in ways that optimize human uses and preferences, with ecological
objectives as an afterthought. Despite this, a multitude of organizations in major cities
throughout the U.S. are beginning to take the necessary steps to improve ecological
outcomes in their urban greenspaces (Forgione et al., 2016).
Systematic ecological inventories are paramount for conservation management,
but this information is often absent or lacking in most parks and recreation departments in
31

urban areas across the U.S. (Forgione et al., 2016). For city governments to take
advantage of the often-underutilized conservation potential of urban greenspace,
collecting baseline ecological data is a necessary first step. However, acquiring this
crucial information depends on extensive and time-consuming ground surveys, where
city budgets and time constraints can present considerable obstacles. Developing costeffective and efficient strategies to supplement ground reference data collection could
greatly aid in the characterization, long-term monitoring, and conservation management
of urban greenspace.
One such strategy is the use of drone remote sensing, an emerging technology
overcoming many of the limitations of traditional remote sensing approaches (Banu et al.,
2016). Traditional remote sensing methods (e.g. aerial imagery or satellites outfitted with
sensors for active and/or passive data acquisition) have been used for decades to
characterize and monitor natural habitats (Ciesla, 2000; Turner et al., 2003). However,
issues with cloud contamination, and insufficient temporal and spatial resolution result in
data gaps, especially for local-scale ecological investigations (Anderson & Gaston, 2013;
Tang & Shao, 2015). Financial constraints in combination with these other factors present
challenges to collecting timely data and thus, hinder more effective conservation
management. Drones can provide temporal flexibility, remarkably high spatial resolution,
and relatively low costs for materials and operation compared to traditional methods
(Tang & Shao, 2015), making them well-suited for both local- and landscape-level urban
greenspace management (Noor et al., 2018; Zhang et al., 2016).
Drone remote sensing has applications in a wide variety of fields (Banu et al.,
2016). Numerous studies have demonstrated the utility of drone remote sensing for
applications in forestry, ecology, and conservation biology. Foresters and ecologists have
successfully used drones for fire detection, mapping forest stands and small canopy gaps,
identifying wildlife and flora species, disease and infestation outbreaks, detecting areas of
fragmented forest and logging, and determining canopy heights, stand volumes, and
vigor, among others (reviewed in Banu et al., 2016; Zhang et al., 2016; Scruggs, 2019).
Drone applications in conservation biology have gained so much traction that a nonprofit
organization, ConservationDrones.org, was established to lead a global initiative sharing
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knowledge about constructing and using cost-effective drones for conservation,
especially in developing regions of the world (Koh & Wich, 2012). The organization’s
website features a vast array of issues addressed using drones equipped with sensing
instruments, from optical forest biodiversity assessments in Germany (Getzin et al., 2012)
to the thermal detection of orangutan nests in Borneo (Mutalib et al., 2019; Koh & Wich,
2020).
The type of sensing instruments used in drone remote sensing will depend on the
desired data product and the weight limitations of the drone. Optical sensors such as
standard RGB (visual spectrum) cameras or multispectral cameras are highly effective for
monitoring vegetation composition and condition (Anderson &Gaston, 2013; Alonzo et
al., 2016; Staley, 2017). Sensors that collect reflectance data in distinct bands of the
electromagnetic spectrum (multispectral, hyperspectral) are powerful tools for evaluating
vegetation health. This is because the unique spectral signatures of vegetation can reveal
a great degree of information about the properties and conditions of that vegetation, from
individual leaves to stands of trees (Ciesla, 2000). In the visible portion of the spectrum
(400-700 nm), leaf pigments are strongly absorbing, but only slightly absorbing in the
near-infrared (NIR; 700-1300 nm). Different leaf structures (e.g. deciduous versus
coniferous) will exhibit different spectral signatures in the highly reflective NIR (Huete,
2012).
Using this information, it is possible to quantify biophysical properties of
vegetation using spectral vegetation indices (VIs). VIs combine reflectance data from
multiple spectral bands into a single value that quantifies vegetation greenness. As Huete
describes, VIs are “calculated as the ratio of two wavebands to contrast an absorbing
feature [visible wavebands] with a non-absorbing reference feature [red edge, ‘RE’ or
NIR]” of vegetation (2012). These reflectance values can be extracted from pixels in
remotely sensed images to aid in describing conditions on the ground, such as canopy
greenness. Since different frequencies of light can detect different aspects of vegetation
composition and condition, many different VIs have been developed. The use of multiple
VIs can enhance characterization of vegetation properties (Huete, 2012). VIs calculated
using traditional remote sensing methods are frequently used metrics in a variety of
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research and practical settings where coarser temporal and spatial resolutions are
acceptable (Ciesla, 2000; Frietas et al., 2005; Xiao & McPherson, 2005; Motohka, 2010).
However, local-scale monitoring requires finer temporal and spatial resolution, making
drone remote sensing a useful and flexible alternative to address these needs (Xue & Sue,
2017). A common application of drone-derived VIs for vegetation monitoring is in
precision agriculture, an approach to crop productivity and monitoring that uses new
technologies to improve crop yields and profits while reducing the levels of traditional
inputs such as fertilizers, herbicides and insecticides, water, and land (Mogili & Deepak,
2018). Drone VI imagery can easily help agriculture specialists pinpoint areas of
cropland and individual crops that may be suffering from water stress, disease, or nutrient
deficiencies (Mahajan & Raj, 2016; Taipale, 2018).
Fewer studies have explored drone applications of forestry and conservation in
complex urban landscapes. In a proof-of-concept application of drone remote sensing,
Gini et al. (2012) collected aerial imagery to classify native and invasive tree species in a
park area in Lombardy, Italy. Feng et al. (2015) used a drone and texture classification to
map and differentiate landcovers in urban vegetated areas. Vegetation classification was
significantly improved, demonstrating drones as an efficient and ideal platform for urban
vegetation mapping. In 2017, New York State’s Department of Environmental
Conservation deployed 22 drones to enhance environmental management across the state.
Recent applications in Brooklyn’s Green-Wood Cemetery are aiding urban foresters in
diagnosis of oak wilt disease using cameras (Sutton, 2018). Considering spectral
assessments of urban forests, Frietas et al. (2005), Xiao and McPherson (2005) and more
recently, Alonzo et al. (2016) used vegetation indices to assess tree health in urban
settings using imagery from traditional remote sensing methods. We are unaware of any
spectral assessments of urban forests using drone remote sensing.
The present study used field methods and a rotor-wing drone equipped with
optical sensors (RGB and multispectral cameras) to assess the composition and condition
of an urban forest in Knoxville, Tennessee. The objectives of this research study were to:
(1) characterize and quantify composition and condition of an urban forest by collecting
baseline field data on a suite of ecological indicators of forest health (Table 2.1, pp. 35)
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and (2) investigate the relationship between forest health indicators and four different
vegetation indices (outlined in Table 2.2, pp. 36) to assess (“ground-truth”) the efficacy
of a novel drone application of urban forest management. Because higher VI values are
associated with green, healthy vegetation, we expect that increases in VI values will
relate to increases in urban forest health, and lower VI values would be indicative of poor
forest health.

Table 2.1 Key ecological data collected at each sampling plot.

Indicators
Relative basal area of
native tree species
Diversity & Equitability
of native species
(Shannon’s H & E)
Proportion of healthy
trees

Field measurements
Overstory trees (>10 cm DBH)
Species
Diameter at Breast Height (DBH)
Vigor

Diversity & Equitability
of native species
(Shannon’s H & E)

Midstory trees (2-10 cm DBH)
Species

No vines overtaking the
forest canopy

Vine class
Species
Stage of growth

Species richness

Additional species

Proportion of plot
impacted

Impacts
Anthropogenic
Dumping
Ecological
Canopy gap
Invasive species
Tree damage
Fire
Soil modification
Fine woody debris

Level of measurement

11.3 m radius plot

11.3 m radius plot

When attached to
overstory or midstory
trees
11.3 m radius plot, only
if not inventoried in
other strata

11.3 m radius plot
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Table 2.2 Equations and descriptions for the 4 vegetation indices (VIs) used in this study.

Vegetation
Index

Descriptionǂ

Equation*

NDVI

= (NIR – R) / (NIR + R)

NDRE

= (NIR – RE) / (NIR + RE)

GNDVI

= (NIR – G) / (NIR + G)

GRVI

= NIR / G

Normalized Difference Vegetation Index; detects canopy
vegetation greenness but prone to saturation in the
presence of dense vegetation, red band is strongly
absorbed by the top of the plant canopy, most
commonly used VI in agriculture and environmental
management
Normalized Difference Red Edge; red-edge band is more
sensitive to medium and high levels of chlorophyll
content deeper in canopy; lower levels of plant canopy
contribute more
Green Normalized Difference Vegetation Index;
variation of NDVI, detects non-peak chlorophyll
concentration
Green Ratio Vegetation Index; detects
photosynthetically active biomass in forest canopies

*NIR, near infrared; R, red; G, green; RE, red edge
ǂ L3 Harris Geospatial Solutions, 2018

Methods
Site description
Sharp’s Ridge is one of several parallel ridges in East Tennessee. Located in
Knoxville, Tennessee, Sharp’s Ridge is surrounded by fragmented urban landscape and
separated from adjacent, undeveloped ridges by two major roadways to the southeast and
northwest (Fig. 2.1, pp. 37). It is the site of 200+ acres of relatively intact secondary
hardwood and pine forest. A variety of natural and anthropogenic disturbances are
evident across Sharp’s Ridge. The south-facing slope is the site of a 111-acre park
dedicated to picnic areas, mountain biking, and hiking trails. A large portion of the
remaining land is privately owned by commercial communication companies that have
installed communication towers, power lines, and satellite dishes. Sharp’s Ridge was
identified in the 1950’s as a migrant stopover site for neotropical migrant bird species and
serves as a local avian biodiversity hotspot (Mooney et al., 2006).
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Fig. 2.1 Sharp’s Ridge (circled in yellow), located in Knoxville, Tennessee, is one of several
parallel ridges in East Tennessee that run southwest to northeast. Sharp’s Ridge is the site of a
relatively intact 200+ acre forested area surrounded by urban landscape. Image edited from
GoogleMaps.

A Knoxville-based nonprofit agency acquired a 42-acre parcel on the north-facing
slope of the ridge in 2017. The northern boundary of the 42-acre parcel abuts a utility
right-of-way and a residential neighborhood while a paved main road at the top of the
ridge demarcates the southern boundary. A secondary paved road used by commercial
communications companies dead-ends at a gravel area near the center of the parcel where
large satellite dishes are present within a fenced area. A tertiary unpaved path previously
used for communication tower access has since been abandoned and overtaken by
primary successional species. Public access to the parcel is limited though evidence of
trespassing is present.
Composition and condition of the urban forest
Baseline ecological data were collected at 17 constructed 1/10 acre (11.3-m
radius) circular sampling plots throughout the 42-acre parcel (Fig. 2.2, pp. 38) between
June and September 2019 by a 2-person field crew (sampling plot design, see appendix,
Fig. A2.1, pp. 56). Due to the high proportion of steeply sloped area in the parcel,
sampling sites were generated and stratified using a slope raster in ArcGIS 10.7 and
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constrained to slopes <25 degrees for ease and safety of sampling. A variety of ecological
attributes were collected at each plot (presented in Table 2.1) following protocols
presented in the Natural Areas Conservancy (NAC) Upland and Forest Ecological
Assessment Protocol (2018) and modified as necessary. The raw data were used to
describe plot-level ecological health indicators of composition and condition of the urban
forest.

Fig. 2.2 Locations of the 17 1/10-acre ecological sampling plots across the 42-acre parcel (blue
boundary) located on Sharp’s Ridge, Knoxville, Tennessee. White circles indicate plots where
drone flyovers occurred and includes an unsampled plot constructed in an open field outside the
parcel boundary that was used to generate a reference size image for drone image processing.

To characterize urban forest composition, we identified all woody, vining, and
herbaceous species in the overstory and midstory of each plot. The proportion of native
species in the overstory and midstory of each plot was calculated (pi, Equation 2.1), as
well as native diversity (H, Equation 2.2) and equitability (EH, Equation 2.3) for the
overstory and midstory using the series of equations:
Equation 2.1: pi = ni/N
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where pi is the proportion of individuals found in species i, ni is the number of individuals
in species i, and N is the total number of individuals in the community. Thus,
Equation 2.2: H= − ∑ pi ln pi
Equation 2.3: EH= H / ln S
where S is the total number of species in the community (richness).
Forest condition was summarized for each plot based on field measurements of
plot impacts and all qualifying vegetation in the overstory and midstory vegetation
inventories. Overstory trees were given a vigor rating on a 5-point scale (1=Healthy,
5=Dead) that cumulatively incorporated tree dieback, defoliation, twig and branch
mortality, and areas of missing crown. The presence and species of vines growing on any
portion of qualifying overstory and midstory vegetation were recorded, as well as the
stage of growth (below DBH, above DBH, or present in tree canopy). A visual estimate
of the proportion of each plot covered in invasive plant species was used to quantify
invasive species impact (the average of independent estimates between the two-person
field crew) in order to capture invasive vegetation that did not qualify in the overstory
and midstory vegetation inventories. Tree damage (coarse woody debris and/or dead
snags), fire, soil modification (disturbance, pits, and/or mounds), fine woody debris, and
anthropogenic dumping (trash, construction materials, debris) impacts within each plot
were quantified using the same visual estimate method.
Drone flights and image processing
A DJI Matrice 600 Pro (M600 Pro) equipped with a DJI Zenmuse X5R RGB
camera gimbal system and a Parrot Sequoia+ multispectral camera was used to collect
remotely sensed data. Drone flyovers occurred at 12 of the 17 plots due to limited battery
power and a desire to constrain image acquisition to a single day in order to limit
variation in imagery caused by differing light or weather conditions. Flights were made at
200 ft Above Ground Level (AGL) utilizing a digital elevation model (DEM) to maintain
uniform height across the hillside. The UAV was programmed to face North. At each
site, the UAV rotated to north, paused for 20 seconds to acquire a Zenmuse RGB image
and a Sequoia image for each of the 4 multispectral bands (Green: 530-570 nm; Red:
640-680 nm; Red Edge: 730-740 nm; Near Infrared: 770-810 nm). The pause created a
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non-moving platform to aid in imagery resolution. A 1/10-acre plot constructed in an
open field was used to generate a refence image size. An image was taken at both 125and 200 ft AGL. The 125-ft image was used in ArcGIS 10.7 along with ground
reference points to complete an affine georeferencing. The resulting extent from the
reference image was then applied to site pictures to fix the pixel size. Orientation (North)
and centering (position) were taken from the Sequoia RGB picture corresponding to the
multispectral images. The appropriate multispectral imagery was used to calculate
minimum, maximum, and median values for NDVI, NDRE, GNDVI and GRVI for each
plot. Mean values were not used due to the spatial autocorrelation of extreme pixel
reflectance values skewing the central tendency of plot-level VI values. Standardized
median VI values across the 12 plots where drone flyovers occurred are presented in the
appendix (Fig. A2.2, pp. 56). An 11.3-m radius circle polygon was used to extract cells
from the calculation layers and then were summarized and attached to the polygon. A
source of error is the 75' assumption for tree canopy that drives the pixel sizing and circle
data acquisition. This combined with DEM used for flight path and vertical accuracy of
the UAV create a difficulty for getting a more accurate pixel-to-area size with a full tree
canopy.
Statistical Analysis
A series of regression analyses were employed in SPSS v. 25.0 (IBM Corp.,
2017) to determine the best predictors of each forest health indicator given the suite of
vegetation index values as independent variables. VI values were checked for collinearity
using Pearson’s r correlation. While several VI values were highly correlated (r >|.8|), all
median, minimum, and maximum values for each of the 4 VIs were included as
independent predictors in stepwise regression models for each forest health indicator to
allow for all combinations of VIs, since the use of multiple VIs, even when highly
correlated, can enhance characterization of vegetation properties (Huete, 2012). For each
regression model that returned statistically significant results, collinearity statistics (VIF,
Tolerance) were re-evaluated, and the best models were selected (following Tabachnick
et al., 2007). The Kolmogorov-Smirnov (KS) and Shapiro-Wilk tests were employed for
each independent variable to check normality of observations and residuals, respectively,
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and confirm model validity. The interquartile range (IQR) is presented for variables
where results of the KS test were significant.

Results and Discussion
Baseline ecological assessment
Compositionally, the urban forest on Sharp’s Ridge is biologically diverse and
dominated by native species (Appendix 2, Table A2.1, pp. 57-58). Across all plots,
combined overstory and midstory vegetative species richness totaled 97 native species
and 11 invasive species. Comparison of the 10 dominant species in the overstory and
midstory shows all but one are native, and there is some slight mismatch in overstory
species regeneration (Fig. 2.3). Whereas Quercus montana is the dominant species in the
overstory (20.6%, n=49), followed by Acer rubrum (15.1%, n=36) and Liriodendron
tulipifera (15.1%, n=36), Q. montana ranks 11th in the midstory, which is largely
dominated by Acer rubrum (20.37%, n=270), followed by Nyssa sylvatica (11.1%,
n=140) and Sassafras albinium (9.5%, n=120). Invasive bush honeysuckle (L. mackii) is
the 4th dominant species in the midstory (6.7%, n=85). Plot-level comparison of
Shannon’s H values shows a range of 0.38 to 2.43 in the overstory and 0.34 to 2.49 in the
midstory (Fig. 2.4, pp. 42) and Shannon’s E values between 0.54 and 0.98 in the
overstory and 0.31 and 0.88 in the midstory.
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Fig. 2.3 Comparison of the top 10 woody species relative percentages in the overstory (n=191)
versus midstory (n=1020).

Fig. 2.4 Overstory and midstory Shannon’s Diversity Index (H) for native vegetation in each plot
(n=17).
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Considering the condition of the urban forest across the 17 plots, the distribution
of DBH measurements for overstory trees indicates this is a younger second growth
forest that is still actively growing due to the high proportion of smaller DBH values
compared to mature trees (Fig. 2.5, pp. 43). The median relative basal area of native
overstory trees was 76.32 cm2 per 1/10-acre plot (IQR= 23.67, n=17). Considerable
variation in stem density, particularly in the midstory, was present across plots. Median
overstory tree density was 13 trees per 1/10 acre (S.D.=4.70, n=17), and the range of
midstory stem densities was between 20 and 179 per 1/10 acre (Median=71, IQR=44,
n=17). Measurement of key ecological health indicators reveal several areas of
conservation concern, with variation across plots (Table 2.3, pp. 44). Two-thirds of all
overstory trees inventoried were in moderate to severe decline (Fig. 2.6, pp. 44). The
health of forest vegetation can depend on temporal factors such as the frequency of
rainfall events or insect outbreaks, so future monitoring may reveal variable overstory
tree vigor. Median canopy closure across all plots was 66.5%, an indication that
achieving full canopy closure may require planting efforts in some areas of the forest.
Considerable variation in vine abundance and coverage existed across plots, ranging from
0 to nearly 85% of overstory trees with vines present in the canopy (Table 2.3, pp. 44).
Fire damage was present in 7 of 17 plots, with a maximum percent cover of 8.5%. The
median proportion of dumping, tree damage, soil modification, and fine woody debris
across all plots was 1.0% (IQR=3.0, n=17), 19.8% (S.D.=12.5, n=17), 10.3% (IQR=10.0,
n=16), and 11.3% (IQR=37.8, n=16), respectively. Invasive vegetation was present in all
but one plot, suggesting most areas will require some degree of invasive vegetation
removal and possibly restoration, while others require considerable control of invasive
species spread, but eradication is unlikely.
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Fig. 2.5 Frequency distribution of diameter at breast height (DBH) measurements of overstory
trees (N=247).
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Table 2.3 Plot-level values for key ecological indicators of urban forest health (‘condition’).
Proportion of
canopy closure

Proportion of
healthy overstory
trees*

Plot
Plot 1
60.0
42.9
Plot 2
60.0
33.3
Plot 3
55.0
33.3
Plot 4
65.0
20.0
Plot 5
30.0
44.4
Plot 6
83.0
22.2
Plot 7
20.0
0.0
Plot 8
72.0
30.8
Plot 9
95.0
44.4
Plot 10
45.0
43.8
Plot 11
80.0
13.0
Plot 12
85.0
13.6
Plot 13
15.0
35.0
Plot 14
90.0
53.8
Plot 15
87.0
33.3
Plot 16
73.0
18.2
Plot 17
68.0
41.2
Median
66.5
33.3
Std. Dev.
24.8
14.4
IQR
*Vigor rating of ‘Healthy’ or ‘Slight Decline’.

Proportion of
overstory with
canopy vines

Vine
Abundance

Proportion of plot
with invasive
vegetation

7.1
6.7
75.0
50.0
77.8
22.2
23.5
84.6
0.0
31.3
13.0
13.6
30.0
7.7
22.2
45.5
35.3
22.9
26.9
-

11
8
21
19
29
12
11
25
7
14
12
6
6
7
5
16
16
12
7.2
-

9.0
2.0
37.5
22.5
90.0
4.0
17.0
53.5
1.5
16.5
20.0
1.5
3.0
0.0
1.0
54.5
13.5
11.3
20.3

Fig. 2.6 Proportions of each vigor rating across all overstory trees measured (n=248).
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Relationships between vegetation indices and forest health indicators
Results of stepwise multiple regression models (Table 2.4, pp. 47) revealed the
subset of urban forest condition indicators that were significantly predicted using the
suite of vegetation index (VI) values (Table 2.5, pp. 48). Across all selected models,
median and maximum values of NDVI, NDRE, and GNDVI were included as significant
predictors. GRVI was the only VI not included in any model.
Proportion of canopy closure
Median NDVI negatively predicted the proportion of closed canopy (Table 2.4).
This finding initially contradicted the expected relationship that increasing values of
NDVI would indicate the presence of greater canopy closure (denser green vegetation;
Carlson & Ripley, 1997). However, lower canopy closure corresponds to a greater
proportion of canopy gaps. These gaps potentially reveal the presence of green vegetation
in strata below the canopy, which could result in increased values of NDVI. Thus,
reliably predicting canopy closures or gaps using median NDVI may be misleading, since
below-canopy vegetation influences plot-level greenness values.
Proportion of overstory with healthy vigor
Maximum GNDVI positively predicted the proportion of healthy overstory trees
(Table 2.4). This confirms the expectation that higher GNDVI values would be indicative
of the presence of intact canopy vegetation high in chlorophyll content, conditions
expected with higher proportions of healthy overstory trees (Gitelson & Merzlyak, 1998).
Proportion of canopy vines
Median NDRE is a significant negative predictor and maximum NDRE is a
significant positive predictor of the proportion of vines in the canopy (Table 2.4, Step 2).
While the combination of median and maximum NDRE predict 66% of the variation in
canopy vines across plots, multicollinearity statistics indicate caution should be taken
when interpreting this model. Eliminating maximum NDRE from the model indicates
median NDRE alone negatively predicts 47% of the variation in the proportion of canopy
vines across plots (Table 2.4, Step 1). Compared to red wavelengths used in NDVI, rededge wavelengths used in NDRE are not as strongly absorbed by the topmost layer of
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Table 2.4 Results of stepwise multiple regression models revealing relationships between vegetation index values that significantly predicted
urban forest condition indicators.
Ecological Indicator
F change Dfs
Adj. R2 Predictor(s)
B
Std. Error Beta
t
p
VIF
Canopy closure**
9.76
1, 10
.44
Med NDVI
-178.45
57.13
.01
.703 3.12
Overstory healthy vigor*
6.13
1, 10
.32
Max GNDVI
374.81
140.51
.62
2.48 .03
Canopy vines
Step 1**
Step 2*

10.86
6.29

1, 10
1, 9

.47
.66

Invasive vegetation*

7.03

1, 10

5.07

1, 10

Dumping*
*p ≤.05, **p≤.01

Med NDRE
Med NDRE
Max NDRE

-724.65
-1337.40
590.66

219.87
302.16
235.50

.35

Med NDRE

-667.61

251.85

.27

Med NDVI

24.28

10.79

.722
1.33
.76
.642
.58

3.30
4.43
2.51
2.65
2.25

.01
<
.01
.03

2.88

.02

-

.05

-
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Table 2.5 Median, minimum, and maximum values for the four vegetation indices calculated using imagery from 12 of the 17 ecological
sampling plots where drone flights occurred.
NDVI
NDRE
GNDVI
GRVI
Plot
Med
Min
Max
Med
Min
Max
Med
Min
Max
Med
Min
Max
0.367 -0.550 0.796
-0.007 -0.722
0.616
0.252 -0.576 0.770
1.673 0.269 7.692
Plot 1
Plot 2

0.374

-0.586

0.810

0.000

-0.766

0.670

0.226

-0.693

0.793

1.584

0.181

8.678

Plot 4

0.320

-0.687

0.779

-0.021

-0.748

0.647

0.216

-0.681

0.753

1.551

0.190

7.101

Plot 5

0.379

-0.683

0.798

-0.013

-0.719

0.664

0.243

-0.649

0.762

1.642

0.213

7.406

Plot 6

0.261

-0.678

0.761

0.024

-0.709

0.692

0.186

-0.682

0.753

1.458

0.189

7.105

Plot 8

0.240

-0.689

0.773

-0.045

-0.765

0.648

0.140

-0.747

0.764

1.325

0.145

7.471

Plot 9

0.269

-0.699

0.765

0.051

-0.714

0.724

0.225

-0.698

0.797

1.581

0.178

8.869

Plot 12

0.269

-0.676

0.736

-0.004

-0.687

0.630

0.190

-0.699

0.724

1.469

0.177

6.246

Plot 14

0.235

-0.705

0.777

0.025

-0.727

0.695

0.160

-0.713

0.791

1.381

0.168

8.591

Plot 15

0.216

-0.712

0.763

0.007

-0.690

0.706

0.172

-0.753

0.743

1.417

0.141

6.780

Plot 16

0.223

-0.741

0.743

-0.047

-0.769

0.608

0.142

-0.718

0.781

1.331

0.164

8.144

Plot 17

0.415

-0.631

0.796

-0.006

-0.761

0.669

0.313

-0.573

0.782

1.911

0.271

8.167

.297
.070

-.670
.055

.775
.023

-.003
.028

-.731
.030

.664
.036

.205
.051

-.682
.058

.768
.022

1.527
.168

.190
.042

7.688
.817

Avg.
Std. Dev.

48

leaves, meaning it is able to detect vegetation further down into the canopy (Taipale,
2018). Therefore, these results may indicate that when lower levels of vines are present in
the canopy, vegetation in and below the canopy is detected, whereas a greater proportion
of canopy vines obstructs some of this vegetation. Traditional remote sensing
applications using NDRE have also revealed its effectiveness at detecting early signs of
stress in coniferous vegetation (Eitel et al., 2011). Lower NDRE values in the presence of
more canopy vines may also indicate more stressed overstory tree vegetation. No
relationship was found between overstory tree vigor and the proportion or abundance of
vines, so tree vigor may not be indicative of overall vegetative stress.
Proportion of invasive vegetation
Lower values of median NDRE at the plot-level significantly predict an
increasing proportion of invasive vegetation (Table 2.4, pp. 47). Assuming increasing
invasive vegetation cover results in decreases in the health and productivity of native
vegetation on Sharp’s Ridge, this finding supports the expected result. In the absence of
invasive plant species, native species are less stressed (higher NDRE values). Across all
plots, 11 invasive species were identified. The midstory shrub L. maackii and canopy
vine P. montana were the most abundant invasive species inventoried (Appendix, Table
A2.1, pp. 57-58). The invasion by non-native L. maackii in deciduous forests has been
shown to significantly reduce foliar production (Trammell et al., 2012) and radial and
basal area in overstory trees (Hartman & McCarthy, 2007), negatively alter forest
structure and species competition in the sub-canopy (Collier et al., 2002; Hartman &
McCarthy, 2008), and exhibit strong above-ground competition (McNeish & McEwan,
2016). Similarly, P. montana, a highly aggressive vine, readily outcompetes native shrubs
and trees. This species is of particular concern, especially in warming climates, due to its
rapid growth rate and competitive dominance at higher levels of atmospheric carbon
dioxide (Forseth & Innis, 2010).
Proportion of anthropogenic dumping
Median NDVI positively predicted the proportion of anthropogenic dumping
across plots (Table 2.4). This result is surprising given that discarded materials (e.g.
construction materials, human artifacts, household trash) were primarily diffusely
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scattered on the forest floor, encompassed a relatively small proportion of the plots, and
were expected to have negative effects on the surrounding vegetation, thus reducing VI
values. That the effects of anthropogenic dumping on native vegetation may cause
increased NDVI values requires further investigation.

Conclusions
This study tested the efficacy of drone remote sensing applications in the
conservation management of an urban forest in East Tennessee. This forest is dominated
by native species and has high potential for the conservation of native biodiversity, but
key indicators of urban forest health reveal several areas of conservation concern
including an abundance of overstory trees in moderate to severe decline, canopy gaps,
anthropogenic dumping, vines overtaking the forest canopy, and invasion by non-native
plant species. Forest condition, especially overstory tree vigor, can depend on temporal
factors such as the frequency of rainfall events or insect outbreaks. Thus, continued
monitoring at constructed plots may reveal variation in urban forest health over time.
Plot-level vegetation index (IV) values of NDVI, NDRE, and GNDVI calculated from
drone imagery significantly related to the impact of several of these ecological concerns.
While the small number of sampling plots in this study poses limitations, establishing
statistical relationships between VIs and urban forest health indicators using ecological
inventories in a subset of the urban forested area may allow for more efficient data
collection and targeted management by way of expanding drone remote sensing to the
parcel-level.
Other studies have investigated remote sensing applications for urban forest
management. Although the present study found significant relationships between plotlevel proportions of canopy closure and a drone imagery-derived vegetation index,
findings from Alonzo et al. (2016) suggest the potential for enhancing the accuracy of
field methods using drone surveys. The authors used hyperspectral imagery and lidar data
to map urban forest species canopies and compared remote sensing methods to field-plot
sampling and found remote sensing reduced uncertainty of the canopy cover estimates of
certain species with large canopies compared to field methods, with implications for
mapping the provisioning of ecosystem services in urban environments. The present
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study also found relationships between remotely sensed data and forest canopy health,
but this relationship is likely to be temporally variable depending on both abiotic and
biotic factors contributing to vegetation health. Xiao and McPherson (2005)
demonstrated that vegetation index values derived from remotely sensed imagery can
map vegetation health in urban environments with high accuracy, with applications for
identifying the location of individual trees in decline, as well as tracking and monitoring
seasonal changes in tree health. The present study did not find relationships between
structural indicators (stem densities, basal area) and vegetation index values, however
Frietas et al. (2005) demonstrated relationships between three vegetation indices and
forest structure. Inclusion of other vegetation indices better suited to detecting differences
in structure could be explored to reveal potential applications for drone remote sensing in
mapping urban forest structure.
The effective conservation management of urban greenspace requires conducting
comprehensive ecological inventories in areas with high conservation potential to
establish a baseline for long-term management. For the numerous agencies involved in
governing and managing urban greenspace, efficient and cost-effective strategies to fill
data gaps is essential. Drone remote sensing has great potential to contribute to these
efforts.
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Appendix 2

Fig. A2.1 Plot diagram for attribute collection at each field site in the ecological assessment.
Image edited from Natural Areas Conservancy Protocol (unpublished document).

Fig. A2.2 Standardized median vegetation index values for each of the four VIs calculated from
imagery of the 12 plots in the drone survey.
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Table A2.1 Overstory and midstory species frequencies across all plots. Asterisks indicate
invasive species.

Species

Common Name

Acer rubrum
Nyssa sylvatica
Sassafras albidum
Oxydendrum arboreum
Lonicera maackii*

Red maple
Black gum
Sassafras
Sourwood
Amur
honeysuckle
Chestnut oak
Devil’s
walkingstick
Yellow poplar
Black cherry
Pignut hickory
Red mulberry
Mockernut
hickory
Grape vine
Sand hickory
Sugar maple
Northern red
oak
Kudzu
Sumac
Hickory
Black oak
Red hickory
Dogwood
White ash
White oak
Rubus
Eastern redbud
Black locust
Slippery elm
Virginia pine
Mimosa
Common
hackberry
Sweet birch
Chinese privet

Quercus montana
Aralia spinosa
Liriodendron tulipifera
Prunus serotina
Carya glabra
Morus rubra
Carya tomentosa
Vitis spp.
Carya pallida
Acer saccharum
Quercus rubra
Pueraria montana*
Rhus spp.
Carya spp.
Quercus velutina
Carya ovalis
Cornus spp.
Fraxinus americana
Quercus alba
Rubus spp.
Cercis canadensis
Robinia pseudoacacia
Ulmus rubra
Unknown spp.
Pinus virginiana
Albizia julibrissin*
Celtis occidentalis
Betula lenta
Ligustrum sinense*

Overstory Midstory
frequency frequency
36
270
14
140
6
120
21
73
0
85

Cumulative
percent
20.37
10.25
8.39
6.26
5.66

49
0

30
77

5.26
5.13

36
7
6
3
3

30
56
51
35
30

4.39
4.19
3.79
2.53
2.20

0
4
2
7

31
24
26
15

2.06
1.86
1.86
1.46

0
0
0
3
1
6
3
5
0
4
4
0
3
2
1
0

20
19
18
14
14
7
7
3
8
3
3
7
4
4
5
6

1.33
1.26
1.20
1.13
1.00
0.87
0.67
0.53
0.53
0.47
0.47
0.47
0.47
0.40
0.40
0.40

1
0

4
5

0.33
0.33
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Table 2 Continued
Pinus echinata
Carya carolinaeseptentionalis
Acer negundo
Juglans nigra
Lonicera japonica*
Platanus occidentalis
Acer spp.
Cornus spp.
Ailanthus altissima*
Paulownia tomentosa*
Carya ovata
Fagus grandifolia
Phytolacca americana
Quercus marlandica
Sambucus spp.
Total

Shortleaf pine
Carolina shagbark
hickory
Boxelder maple
Black walnut
Japanese
honeysuckle
American
sycamore
Maple
Dogwood
Tree-of-Heaven
Princess tree
Shagbark hickory
American beech
American
pokeweed
Blackjack oak
Elderberry

4
0

0
4

0.27
0.27

3
0
0

0
3
3

0.20
0.20
0.20

2

0

0.13

0
0
1
1
0
0
0

2
2
0
0
1
1
1

0.13
0.13
0.07
0.07
0.07
0.07
0.07

0
0

1
1

0.07
0.07

238

1264

100.0
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PART III: ESTABLISHING BASELINE ECOLOGICAL AND SOIL
DATA FOR ENHANCING THE CONSERVATION MANAGEMENT
OF A FORESTED URBAN PARK
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Abstract
As more cities across the globe recognize the vital role urban greenspaces play in
enhancing ecosystem services and biodiversity conservation, increasing attention has
been given to improving the provisioning and management of these areas, particularly
urban forested natural areas. These ecologically complex forested stands have high
potential for urban biodiversity conservation but achieving conservation goals relies first
on comprehensive ecological assessments. In addition to vegetation inventories, data
collection on soil attributes can help inform the conservation management of urban
forested natural areas, since past land uses and unique abiotic and biotic inputs from the
surrounding urban ecosystem alter the soil composition and lead to novel soil
environments, with implications across trophic levels. This case study characterizes the
composition and condition of vegetation and soils in an urban forested natural area in
Knoxville, Tennessee and investigates relationships between soil attributes and key
indicators of forest health. Major findings of the comprehensive ecological assessment
reveal the dominance of native plants species, invasion by non-native plants, acidic highcarbon soils sufficient in most plant available nutrients, and significant relationships
between soil attributes and: native species diversity and abundance, invasive species
impacts, and fine woody debris on the forest floor. These findings establish baseline data
useful for setting ecological management priorities, conserving native biodiversity, and
the long-term monitoring of this remnant urban forest.
Keywords: urban natural area, ecological management, soil attributes, plant available
nutrients, urban biodiversity conservation
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Introduction
Growing interest in enhancing ecosystem services and biodiversity conservation
in cities has highlighted the importance of improving the ecological planning and
management of the urban forest, particularly remnant forested natural areas (Tratalos et
al., 2017; Barrico et al., 2018; Pregitzer et al., 2019a). Compared to the broader urban
forest, which comprises all trees and associated vegetation growing in the urban
environment, in urban forested natural areas trees grow in a forest stand, are
characterized by high levels of self-regulation (low levels of management) of natural
ecosystem processes like regeneration and decomposition, and they typically take the
form of urban parkland (Nowak & Greenfield, 2018; Pregitzer et al., 2019a). Tens of
thousands of acres of forested natural area exist across the U.S. in densely populated
areas, with over 7,000 acres in New York City alone (Pregitzer et al., 2018). These
characteristics distinguish urban forested natural areas from other highly managed urban
greenspaces, resulting in distinct social and ecological contributions to sustainable urban
ecosystems (McKinney et al., 2018).
Throughout the U.S., where over 80% of the population lives in urban areas
(Nowak & Greenfield, 2018), urban forested natural areas in municipal park systems are
increasingly important for connecting humans to nature (Miller, 2005). Spending time in
nature provides adults and children significant physical, psychological, and cognitive
benefits (Kellert, 2002; Bowler et al., 2005). Forested natural areas also provide benefits
in the form of ecosystem services including filtering air and water pollution, watershed
protection and stormwater retention, urban heat island mitigation, and providing habitat
for the often-overlooked native biodiversity in urban areas (Chen & Jim, 2008; Lovell &
Taylor, 2013; Ives et al., 2016). The biodiversity conservation potential of forested
natural areas is particularly high due to their complex structure and ability to support a
diversity of species in urban areas. Indeed, a variety of studies have demonstrated the
impressive biodiversity of forested natural areas in cities (Nielson et al., 2014; Zefferman
et al., 2018; Pregitzer et al., 2019b). With expanding urban populations and land area, the
conservation of urban forested areas, their benefits, and associated biodiversity is
increasingly important (Dearborn & Kark, 2010).
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The ability for forested natural areas to sustainably deliver biodiversity
conservation benefits is directly affected by how they are managed (Nowak et al., 2008;
Aronson et al., 2017; Pregitzer et al., 2019a). Historically, the multitude of agencies
involved in urban greenspace planning and management have prioritized human uses and
preferences, with ecological management objectives as secondary or altogether absent,
resulting in a lack of ecological information necessary for advancing conservation policy
and goals (Konijnendijk, 2005; Forgione et al., 2016; Zefferman et al., 2018). Cities at
the forefront of these efforts are conducting comprehensive ecological assessments across
their urban natural areas. While the bulk of the data collected in ecological inventories
focus on vegetative attributes, soils also serve critical functions in the maintenance of
forest health and ecological restoration in cities (Pavao-Zuckerman, 2008; Riddle, 2010).
Urban soils are a somewhat neglected component of urban ecosystems, despite
their broad range of functional benefits (Blanchart et al., 2018). Within urban landscapes,
soils are highly heterogeneous, comprising native or remnant patches, artificial soils
formed by the removal, mixing, and/or replacement of native soils with fill materials or
non-native soils, and sealed, paved patches (Scheyer & Hipple, 2005; Picket et al., 2008).
Properties associated with each of these broad forms of urban soil will differ drastically
and, as with non-urban soils, depend on climatic, geological, topographic, biological,
anthropogenic, and temporal factors (Pickett & Cadenasso, 2009).
The dominant characteristics of urban soils that distinguish them from non-urban
soils include non-agricultural anthropogenic disturbance and/or manipulation and
contamination by the surrounding urban landscape via direct inputs of pollutants or
atmospheric or hydrological deposition (Craul, 1999; Sauerwein, 2011). Additional
factors associated with urban environments such as elevated temperatures compared to
the surrounding landscape, high levels of impervious surfaces, gray infrastructure to
channel storm and wastewater, and invasion by non-native invasive species also have
effects on urban soils (Gaston et al., 2010). All of these components influence the
physical, chemical, and biological qualities of urban soil including texture, pH, the degree
of compaction (bulk density), temperature, hydrology, decomposition, nutrient content
and availability for plants, soil organisms, and toxicity to plants and animals, among
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others (Sauerwein, 2011). These attributes of soil can have profound consequences on
their functions, and therefore, on the living organisms that depend on it, including
humans.
Well beyond their role as the surface upon which humans can construct buildings
and infrastructure, urban soils make crucial contributions to the urban environment in the
form of ecosystem services. Blanchart et al. (2018) compiled a list of these services
which includes air quality and climate regulation, water purification, food production,
fiber and raw materials, wildlife habitat, heritage conservation, and recreational activities,
among others. But just as the management of urban forested natural areas is a critical
component of their ability to support native biodiversity, so does the management of
urban soils play an important role in the delivery of soil-derived benefits in urban
ecosystems (Blanchart et al., 2018).
In the context of urban forested natural areas, urban soils provide unique benefits.
Though some level of anthropogenic disturbance is inevitable, urban forested natural
areas provide some of the few places where native or remnant soils persist in urban
environments. With adequate physical properties and sufficient soil nutrient levels, these
soils provide the substrate upon which a diversity of forest plants can grow, thus
supporting the foundation of complex food webs and enhancing the overall urban
biodiversity conservation potential of forested natural areas (Morgan & Connolly, 2013).
Recent investigations into the microbial biodiversity of soils in New York City parks
revealed urban park soils serve as reservoirs of natural products produced by soil
bacteria, a fascinating new area of research with implications for human health (CharlopPowers et al., 2016; Threlfall & Kendal, 2018).
This study was conducted in a 42-acre parcel of a 200+ acre urban forested
natural area in Knoxville, Tennessee where baseline ecological data were previously
absent. Known as Sharp’s Ridge, a portion of the forest is dedicated to a 111-acre city
park frequented by mountain bikers, hikers, and birders. In 2017, a Knoxville-based
nonprofit acquired the 42-acres of forested area with the objectives of compatibly
designing a passive trail system that would connect to the larger park while conserving
native plant biodiversity, preserving vital migratory bird habitat, connecting underserved
64

communities to unique nature recreation opportunities, and restoring habitat impacted by
non-native invasive species. Considering baseline ecological data were previously absent,
the purpose of this study was two-fold: (1) to characterize vegetation and soil
composition and condition in an urban forested natural area by way of a comprehensive
ecological assessment and soil analyses and (2) investigate relationships between soil
attributes and key indicators of forest health. We expected relationships between soil
attributes and vegetative composition and condition, with poor forest health composition
(e.g. dominance by a single or few species, high invasive species impacts) and condition
(e.g. overstory trees in decline, canopy caps, soil disturbance) being suggestive of poor
soil quality (e.g. high bulk densities, low nutrient levels).

Methods
Study site
Located in Knoxville, Tennessee, Sharp’s Ridge is one of several parallel ridges
in East Tennessee. It is the site of 200+ acres of relatively intact secondary hardwood and
pine forest, largely surrounded by urban landscape, with major roadways running along
the northwest and southeast boundaries (Fig. 3.1, pp. 66). Dispersed across roughly half
of the forested land area on privately-owned parcels are communication towers, power
lines, and satellite dishes installed by commercial communication companies. Despite
anthropogenic disturbances, Sharp’s Ridge is well known among avian enthusiasts for its
abundance of year-round and neotropical migratory bird species, the latter of which use
the intact forested area as a stopover site during fall and spring migrations (Mooney et al.,
2006).
A paved road that serves as the main entrance to the city park is the southern
boundary of the 42-acre parcel, while the northern boundary sits along a utility right-ofway and residential neighborhood. A fenced area surrounding satellite dishes sits near the
center of the parcel, accessible by a secondary dead-end paved road used by commercial
communications companies. Trespassing throughout the parcel is apparent. A soil map of
the 42-acre land parcel (Appendix 3, Fig. A3.1, pp. 90) indicates a mix of ApisonMontevallo, Salacoa, and modified urban soils (see Appendix 3, Table A3.1 for
interpretation, pp. 91).
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Fig. 3.1 Sharp’s Ridge (circled in yellow), located in Knoxville, Tennessee, is one of several
parallel ridges in East Tennessee that run southwest to northeast. Sharp’s Ridge is the site of a
relatively intact 200+ acre forested area surrounded by urban landscape. Image edited from
GoogleMaps.

Ecological data collection
Using ArcGIS 10.7, 100 coordinates were randomly generated throughout the 42acre parcel boundary and stratified using a slope raster. Due to the high proportion of
steeply sloped area across the parcel, coordinates were constrained to slopes ≲25 degrees
for safety of data collection. A subset of 17 points were randomly selected across the
parcel. These served as the central locations for each 1/10-acre (11.3-m radius) circular
sampling plot. Using a GPS device, plots were constructed by navigating to the central
location and placing 5 flag stakes, one at the center and 4 in cardinal directions,
effectively dividing the plot into 4 subplots (NE, SE, SW, NW). Across the 17 plots,
average slopes ranged from 25.45 degrees to 6.24 degrees. Site elevations ranged from
1,079.2 m to 1,315.8 m (Fig. 3.2, pp. 67; sampling plot design, see appendix Fig. A3.2;
pp. 90). Between June and September 2019, a two-person field crew collected baseline
vegetative and impact data in the17 plots. To characterize urban forest composition, all
woody, vining, and herbaceous species in the overstory, midstory, and understory were
identified within each plot.
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Fig. 3.2 Locations of the 17 ecological sampling plots across the 42-acre parcel (blue boundary)
located on Sharp’s Ridge, Knoxville, Tennessee. Each constructed plot is 11.3-m in radius
(equivalent to 1/10 of an acre) and divided into 4 subplots (NE, SE, SW, NW).

To account for species not captured in these inventories, timed walk-throughs of
each plot were conducted, and the presence of any additional species was recorded. The
raw data from each plot was used to calculate plot-level ecological indicators of urban
forest health (Table 3.1, excluding soil sampling, pp. 68). The proportion of native
species in the overstory and midstory of each plot was calculated (pi, Equation 3.1), as
well as native diversity (H, Equation 3.2) and equitability (EH, Equation 3.3) for the
overstory and midstory using the series of equations:
Equation 3.1: pi = ni/N
where pi is the proportion of individuals found in species i, ni is the number of individuals
in species i, and N is the total number of individuals in the community. Thus,
Equation 3.2: H= − ∑ pi ln pi
Equation 3.3: EH= H / ln S
where S is the total number of species in the community (richness). Understory and
additional species were not included in these calculations as only their presence, not
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Table 3.1 Ecological attributes collected at each sampling plot (modified from Natural Areas
Conservancy Upland and Forest Assessment Field Protocol, unpublished document).
Key Ecological
Attributes
Level of measurement
Indicators
Relative basal area of
Overstory trees (>10 cm
11.3 m radius plot
native tree species
DBH)
Diversity & Equitability
Species
of native species
Diameter at Breast Height
(Shannon’s H & E)
Vigor
Proportion of healthy
Vine stage of growth &
trees
species (if applicable)
Canopy vines
Diversity & Equitability
Midstory trees (2-10 cm
11.3 m radius plot
of native species
DBH)
(Shannon’s H & E)
Species
Vine stage of growth
(if applicable)
No vines overtaking the
Vine class
When attached to overstory or
forest canopy
Species
midstory trees or qualifying DBH
Stage of growth
Understory dominated by Understory
4 1mx1m subplots
native species
Species
(NW, NE, SW, SE)
Percent cover
Total species richness
Additional species
11.3 m radius plot, only if not
across all strata
inventoried in other strata
Proportion of plot
Impacts
11.3 m radius plot, 20 m buffer
impacted
Anthropogenic (i.e.
dumping)
Ecological (i.e. canopy gap)
Soil quality and
Soil sample
5 cores from each subplot in the
chemistry able to
Bulk density
11.3 m radius plot
support native plants
Volumetric water content
(NW, NE, SW, SE)
Gravimetric water content
pH
Buffer pH
Texture
Organic matter
Plant available nutrients
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abundance, was recorded. In ecological studies, values of H are typically between 1.5
(lower diversity) and 3.5 (higher diversity) with values approaching 4 being rare
(Magurran, 2005). Shannon’s equitability provides a measure between 0 and 1, with
values closer to 1 indicating species are distributed more evenly across the community.
Forest condition was summarized for each plot based on field measurements of
plot-level impacts and all qualifying vegetation in the overstory, midstory, and understory
vegetation inventories. Overstory basal area (BA, cm2 per 1/10 acre) was calculated using
equation 2.4:
Equation 3.4: BA = 0.005454 (DBH2)
where DBH is tree diameter at breast height (in cm). A vigor rating on a 5-point scale
(1=Healthy, 5=Dead) was assigned to each overstory tree, which cumulatively assessed
tree dieback, defoliation, twig and branch mortality, and areas of missing crown. The
presence and species of vines growing on any portion of qualifying overstory and
midstory vegetation were recorded, as well as the stage of growth (below DBH, above
DBH, or present in tree canopy). A visual estimate of the proportion of each plot covered
or impacted by a variety of anthropogenic and ecological disturbances was used to
quantify plot-level impacts (the average of independent estimates between the two-person
field crew). Impacts included anthropogenic dumping (trash, construction materials,
debris), canopy gaps, tree damage (coarse woody debris and/or dead snags), fine woody
debris, fire, soil modification (disturbance, pits, and/or mounds), fine woody debris, and
invasive species. Invasion impact was quantified using a visual estimate since some
highly branching species like Chinese privet (Ligustrum sinense) and Amur honeysuckle
(Lonicera maackii) had stem diameters that did not qualify in the midstory vegetation
inventory, potentially underrepresenting these species and their impacts.
Soil collection and analysis
Throughout January 2020, soil sampling was conducted within each subplot (NE,
SE, SW, NW) of every plot by first randomly selecting one of many possible azimuths
that were randomly generated prior to entering the field; the subplot corresponding to the
selected azimuth would be identified, and azimuths for the remaining subplots were
determined by adding or subtracting 90 degrees, so that soil samples were collected at
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standardized distances within the plot. Soil cores were collected at 5 meters within the
subplot. When an obstruction (e.g. large downed woody material, large tree root)
prevented sampling at 5 meters, the sampling location was moved toward plot center in
30-centimeter intervals along the 5-meter transect until a suitable location was identified.
When obstructions prevented soil coring in a subplot, cores were not collected.
At suitable locations, leaf litter and duff were first cleared in a ~0.5-m diameter circular
area and percent water content (volumetric water content, θv) was measured using a
Time-Domain Reflectometry (TDR) meter at two separate coring locations (~10 cm
apart) before collecting five 10-cm soil cores, as close to the coring locations as possible.
Three soil cores were combined into a single sample and bagged for future organic
matter, pH, and nutrient analyses (henceforth ‘combined sample’), and the remaining two
were kept separate and bagged for future gravimetric water content measurements (θg)
and texture analysis (henceforth ‘bulk density samples’). This made for a possible total of
12 samples per plot (4 combined samples and 8 bulk density samples). When a belowground obstruction prevented complete (10 cm) coring, a new coring location within the
cleared area was attempted. If several unsuccessful (<10 cm) attempts were made, a core
<10 cm was collected, and the length was recorded. Plastic baggies containing soil
samples were stored in a lab cooler within 24 hours until further processing.
A total of 65 combined samples and 130 bulk density samples were collected for
analysis of soil attributes presented in Table 3.1 (pp. 68). In a laboratory at the University
of Tennessee, Knoxville, combined samples were dried in a drying oven at 105 degrees C
for 24 hours, sieved to 2mm, and re-bagged. For each bulk density sample, wet mass was
first measured, then each was dried and sieved as above, and re-weighed. Solids >2mm
were weighed and subtracted from initial wet and dry measurements to determine the wet
and dry mass of the soil (masswet and massdry, respectively). Gravimetric water content
(θg) was then determined using Equation 2.4 and bulk density (ρb) was calculated using
equation 2.5:
Equation 2.4: θg = (masswet - massdry) / massdry
Equation 2.5: ρb = θv / θg
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Finally, bulk density samples were grouped by plot and combined for texture analysis.
All processed soil samples were sent to the Soil, Pest, and Plant Center at the University
of Tennessee Institute of Agriculture Extension in Nashville, Tennessee for texture
(n=17) and pH, buffer pH (resistance to liming), organic matter, and essential nutrient
analyses (n=65). To determine plot-level values for each soil attribute, the average was
calculated across all subplot samples.
Statistical analysis
To investigate relationships between each forest health indicator and the suite of
soil attributes (Table 3.1, pp. 68), a series of stepwise regression analyses were employed
in SPSS v. 25.0 (IBM Corp., 2017) with soil attributes as the independent variables. For
each regression model that returned statistically significant results, collinearity statistics
(VIF, Tolerance) were evaluated, and the best models were selected (following
Tabachnick et al., 2007). The Kolmogorov-Smirnov (KS) and Shapiro-Wilk tests were
employed for each independent variable to check normality of observations and residuals,
respectively, and confirm model validity. The interquartile range (IQR) is presented for
variables where results of the KS test were significant.

Results and Discussion
Urban forest composition and condition
Across all strata and additional species surveys, vegetative species richness across
all plots totaled 129 native species and 11 invasive species. Across all plots, the highest
combined (midstory and overstory strata) Shannon’s Diversity (H) of native vegetation
was 2.59, with a corresponding Shannon’s Equitability (E) value of 0.88. Average H and
E values were 2.07 and 0.78, respectively. The lowest equitability score was 0.54, where
red maple (Acer rubrum) and sassafras (Sassafras albinium) comprised a combined
70.8% of the individuals in the plot. Across plots, the average number of native species in
a plot was 29, with a range of 20 to 48 species. Lastly, the average percent of native
species in a plot was 90.0%, with one plot entirely composed of native species. These
results indicate the diversity, broad distribution, and dominance of native plant species on
Sharp’s Ridge.
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The dominant species across the combined overstory and midstory inventories
were red maple (A. rubrum), black gum (Nyssa sylvatica), and sassafras (S. albinium),
largely due to the abundance of these species in the midstory. In the overstory, the most
common species was chestnut oak (Q. montanta) followed by red maple (A. rubrum) and
tulip poplar (Liriodendron tulipifera). Results of the understory species inventory
revealed that red maple, greenbriar (Smilax spp.), and Japanese honeysuckle (Lonicera
japonica), an invasive vine, were the dominant species on the forest floor. Surprisingly,
native herbaceous species were relatively uncommon, with an average percent cover of
5.8% in quadrats across all plots. Despite the minimal biomass of the herbaceous layer in
temperate forests, it has the potential to contribute significantly to urban forest ecosystem
structure and function, as well as to native biodiversity conservation, with most plant
biodiversity in temperate forests occurring in the herbaceous layer (Gilliam, 2007). At
Sharp’s Ridge, the most common herbaceous understory species were tick trefoil
(Desmodium nudiflorum), plume solomon’s seal (Maianthemum racemosum), and
Christmas fern (Polystichum acrostichoides), which cumulatively contributed just 3.9%
of all understory species inventoried. The relatively small proportion of herbaceous
species compared to what might be expected may indicate poor timing of sampling,
microenvironmental conditions that are not conducive to supporting a greater diversity of
herbaceous species, or the more worrying prospect that native herbs are in the process of
local extirpation, if not already locally extirpated.
One explanation for this possibility is the proportion of vining and invasive
species found across all strata. Vining species in the understory made up 34.3% of all
understory species inventoried. Vines were recorded on an average 63.7% of overstory
trees, 32.1% of which had canopy vines. Some vining species can blanket other
vegetation and block essential light or outcompete other vegetation for nutrients by
rooting on the forest floor or parasitically by attaching to overstory trees (Putz, 2012).
While some vining species recorded in the vegetation inventory are native and relatively
benign in terms of urban forest health, several species, including kudzu (Pueraria
montana), Japanese honeysuckle, and oriental bittersweet (Celastrus orbiculatus) are
invasive to East Tennessee and can grow aggressively, negatively impacting native
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biodiversity. Across all plots, the impact of invasive species was highly variable, ranging
from 0% to 90%, with a median impact of 13.5%. Invasive species comprised an overall
9.2% of individuals in the midstory and 15.7% of individuals in the understory.
The average proportion of soil modification in the plot, another impact that was
investigated, was 13.4%. The proportion of gaps in the forest canopy, which ranged from
85% to near canopy closure (5% gap), averaged 36% across all plots, indicating planting
efforts may be needed to restore some areas of the forest canopy. Tree damage averaged
20.3%. This could be a result of natural disturbance such as blowdown and fire damage
(found at 41% of plots), or it could also indicate tree mortality due to the spread of
disease or invasive insect species such as the emerald ash borer. Snags, fallen logs and
branches, and other coarse woody debris are important components for providing habitat
and nutrient cycling. Fine woody debris, another important component of nutrient cycling
ranged from 4.5% to 56% and averaged 20.4%. Concerning anthropogenic impacts,
evidence of dumping was apparent throughout the parcel, with implications for wildlife
health, soil contamination, and bioaccumulation. Dumping was present in over 75% of
plots, with the proportion of trash cover averaging 1.9% of the 1/10-acre plot area across
all plots. Due to the sampling design limiting plots at slopes <25 degrees, these results
may not be representative of forest composition and condition across Sharp’s Ridge,
where slopes are often much steeper.
Soil attributes
Soil types across plots were identified as loam, sandy loam, and silt loam (Table
3.2, pp. 74), with the proportion of sand ranging from 28% to 60% (Fig. 3.3, pp. 74) and
soil pH values ranging from 4.31 to 6.08 (Table 3.3, pp. 75). While soil texture and pH
attributes promote or limit specific species presence and forest types, vegetation type can
also impact pH by way of plant-soil interactions. In forested areas, soil pH levels tend to
be more acidic, which supports the range of pH values observed (Natural Resources
Conservation Service, 2014a). Additionally, decreases in soil pH over time due to
leaching of soil minerals may be expected considering the location of Sharp’s Ridge in a
warm, humid environment with moderate rainfall and steep slopes. Soils with higher sand
content typically have lower buffering capacity (less resistant to changes in pH) therefore
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Table 3.2 Results of soil volumetric water content, bulk density, and texture analyses and
relationships to plot elevation and plant root growth.
Elevation
Avg. Volumetric
Avg. Bulk
Ideal (I), Affected (A),
Plot
(m)
Texture
water content (%) density (g/mL)
Restricted (R)*
Plot 1
1116.18
Loam
51.25
1.77
A
Plot 2
1134.01
Silt Loam
44.63
1.33
I
Plot 3
1209.17
Loam
51.38
1.62
A
Plot 4
1131.68
Loam
48.88
1.72
A
Plot 5
1079.22
Loam
47.25
1.82
R
Plot 6
1315.82
Loam
35.50
1.30
I
Plot 7
1192.38
Sandy Loam
33.50
1.12
I
Plot 8
1282.84
Sandy Loam
34.13
1.06
I
Plot 9
1148.54
Sandy Loam
41.50
1.19
I
Plot 10
1212.21
Loam
35.38
1.24
I
Plot 11
1183.25
Loam
52.50
1.82
R
Plot 12
1302.9
Loam
39.88
1.20
I
Plot 13
1262.66
Loam
31.13
1.39
I
Plot 14
1239.62
Sandy Loam
39.75
1.35
I
Plot 15
1278.86
Silt Loam
34.75
1.29
I
Plot 16
1199.18
Sandy Loam
42.00
1.32
I
Plot 17
1206.52
Sandy Loam
37.63
1.09
I
Avg.
1205.59
41.24
1.39
I
S.D.
68.90
6.96
.26
n
17
17
130
*For the soil textures found, bulk density for ideal plant root growth is <1.40 g/mL and restricted
root growth occurs >1.75-1.80 g/mL (Natural Resources Conservation Service, 2019).

Fig. 3.3 Results of soil texture analysis across all plots by increasing elevation (n=17).
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Table 3.3 Results of organic matter, total carbon, pH, and plant available nutrient analyses (n=65).
Avg. %
Organic Matter
4.4%

Avg. %
Total C
2.6%

Avg.
pH
4.31

P

K

Ca

Mn

Na

Zn

8.3

174.5

420.0

179.5

10.3

10.3

Plot 3

5.7%
6.0%

3.3%
3.5%

4.90
5.72

4.5
2.8

128.5
187.0

477.3
1028.8

79.0
153.5

0.48
0.90

49.0
23.5

85.8
65.8

7.5
7.3

7.3
9.2

Plot 4

4.0%

2.3%

5.17

5.3

115.5

277.3

73.8

0.40

43.0

73.5

8.0

6.2

Plot 5

4.1%
4.5%
5.2%

2.4%
2.6%
3.0%

5.23
5.22
5.87

4.6
6.5
2.4

171.1
117.8
154.9

996.1
276.8
1126.2

189.4
62.3
127.6

0.70
0.35
0.64

34.3
60.5
24.9

39.4
148.0
60.8

9.0
6.5
6.4

7.5
9.0
9.0

5.7%
4.9%
7.4%

3.3%
2.8%
4.3%

5.56
5.16
6.08

4.5
3.8
6.8

190.3
99.0
224.0

707.0
469.5
1674.8

111.8
65.3
252.3

0.58
0.43
1.08

30.8
46.8
24.3

57.5
56.5
119.5

5.5
6.3
7.5

10.4
5.7
8.3

6.0%

3.5%

5.65

1.8

179.0

748.8

145.8

0.65

40.0

21.3

7.3

9.6

Plot 12
Plot 13
Plot 14

5.5%
7.4%

3.2%
4.3%

4.92
5.88

2.5
3.3

110.0
141.0

355.0
1542.8

72.5
159.8

0.43
0.70

67.8
56.3

43.8
123.8

7.5
6.8

6.9
14.4

4.5%

2.6%

4.99

2.8

110.5

173.5

42.0

0.33

68.0

28.5

6.8

4.3

Plot 15
Plot 16
Plot 17

4.9%
6.7%

2.8%
3.9%

5.00
6.03

4.0
6.3

177.8
154.8

302.8
1797.0

84.8
222.0

0.33
1.15

84.5
11.8

71.5
124.8

7.5
6.0

6.5
9.9

9.8%

5.7%

5.96

11.3

281.0

2772.3

262.0

1.48

24.3

185.8

7.0

11.6

Average

5.7%

3.3%

4.31

4.8

159.8

890.9

129.7

0.66

48.7

87.4

7.2

8.6

Std. Dev.

0.01%

0.01%

4.90

2.4

46.9

707.6

68.4

0.32

30.3

50.7

1.1

2.4

-

-

5.72

L

M

S

S

-

S

S

-

S

Plot
Plot 1
Plot 2

Plot 6
Plot 7
Plot 8
Plot 9
Plot 10
Plot 11

Avg. Nutrient
Level Rating*

Mg
B
Fe
(all nutrients in lbs/acre)
101.0
0.68
138.5

*L=low, M=medium, S=sufficient
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are more susceptible to acidification (Natural Resources Conservation Service, 2014a).
The average buffer pH of soils across plots was 7.53, indicating moderate resistance to
pH changes.
Average soil bulk density across all plots was 1.39 g/cm3, which is ideal for root
and plant growth in the soil textures found across the site. However, variation in bulk
density across plots indicates low porosities and compaction concerns that can restrict
plant root growth (Table 3.2, pp. 74) (Natural Resources Conservation Service, 2019).
Bulk densities were significantly correlated with plot elevation, with higher bulk densities
occurring at lower elevations (Pearson’s r=-.580, p=.015), and with average plot slope
(Pearson’s r=-.679, p=.003), with lower bulk densities found on steeper slopes. A variety
of factors could result in soil compaction including tree roots, shallow soil, fallen trees,
the presence of worms, wildlife and human disturbance, sampling error, and/or rocky
soils. The soil map legend for the 42-acre parcel (Appendix, Table A3.1, pp. 91) and field
observation show the presence of rocky soils on Sharp’s Ridge, which can obstruct soil
coring instruments and compact the soil sample.
Average percent soil organic matter (OM) was 5.7%, ranging from 4.0% to 9.8%,
and average percent total carbon was 3.3% and ranged from 2.3% and 5.7% (Table 3.3,
pp. 75). Soil OM in forest soils typically ranges between 1-5% by weight and tends to be
highest at the top of the soil profile and decrease at greater soil depths (Scheyer &
Hipple, 2005; Osman, 2013). Thus, the high organic content of the soil could be
reflective of the fact that samples were collected in the top 10 cm of the soil profile,
where a high proportion of plant material is decomposing on the soil surface. While the
total carbon in the soil is related to its organic content, given the close proximity of major
roadways and a recent waste facility fire, there is also the possibility of soil
contamination due to the atmospheric deposition of aerosols and traffic-related emissions,
such as hydrocarbons, across the landscape (Sauerwein, 2011). Despite this, urban soils
provide vital ecosystem services including climate regulation through the storage of
carbon (Blanchart et al., 2018).
Measurements of essential plant macro- and micro- nutrients showed there was
considerable variation in nutrient levels within and across plots (Table 3.3). Phosphorous
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(P) is a macronutrient essential for plant storage and transport of ATP, a
photosynthetically produced energy unit, as well as growth and reproduction (Natural
Resources Conservation Service, 2014b). Phosphorous levels, which averaged 159.8
lbs./acre, were low across all plots, indicating P is the most limiting nutrient in the soils
found at Sharp’s Ridge (Table 3.3, pp. 75). Phosphorous is a common limited nutrient,
because its availability is limited by pH, declining above 7.5 and below 6.5, with greatest
availability at pH 6.5 (Kimmins, 1997). Considering the range of soil pH values across
samples, low phosphorous levels would be expected. Erosion and water runoff can also
result in losses of soil phosphorous (Natural Resources Conservation Service, 2014b).
Soil potassium (K) levels across all plots were moderate to high, ranging from
99.0 lbs./acre to 281.0 lbs./acre (Table 3.3). Potassium is prevalent in a variety of parent
materials and soil minerals, and levels in soil are often high where there is active
weathering occurring (Kimmins, 1997). However, only certain forms are available in
relatively small amounts for plant uptake. Potassium is a plant macronutrient important
for transporting water, other nutrients, and carbohydrates throughout plant tissues, and for
enzyme activation which can affect photosynthetic rates (Kaiser & Rosen, 2018). While
K deficiencies in soil can lead to leaf chlorosis and eventually necrosis, excessive K
levels can be toxic to plants (Morgan & Connolly, 2013).
Across all other nutrients measured, including macronutrients calcium (Ca) and
magnesium (Mg), and micronutrients boron (B), iron (Fe), manganese (Mn), sodium
(Na), and zinc (Zn), levels in the soil were sufficient for plant growth across most pH
values measured (Table 3.3). Calcium and magnesium in soils are derived from parent
materials, and in acidic soils in humid climates like those on Sharp’s Ridge, are prone to
leaching. Deficiencies in Mg negatively affect chlorophyll synthesis while Ca deficiency
can induce toxicity in other nutrients or metals and reduce plant tolerance to water stress
(Kimmins 1997). Plant micronutrients are found as trace elements in soil, and many are
taken up by plants for use as cofactors in enzyme activation. Due to their importance in
chlorophyll formation, deficiencies in any of these micronutrients can lead to chlorosis in
different areas of vegetative tissue (Morgan & Connolly, 2013).
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Several important considerations should be made when interpreting the results of
soil attributes. First, plant nutrient requirements vary greatly depending on species, so
while the level of a given nutrient may be sufficient for one species, it may be insufficient
or toxic for another. Secondly, the quantity and availability of soil nutrients presented are
based on agricultural standards, which may not correlate to the productivity of forest
species. Lastly, these results apply to a small fraction of the soils found across Sharp’s
Ridge and only to the top 10 cm of the soil profile. Heterogeneity in soil attributes is
expected across the landscape and at increasing depths that may be accessible to plants.
Relationships between soil attributes and urban forest indicators
Richness, diversity, equitability, native abundance across strata
Species richness across all strata was positively related to average bulk density
and average soil Zn (Table 3.4, pp. 79). An increasing number of species in each plot was
positively correlated to vegetation abundance (Pearson’s r=0.518, p=.03). Higher plant
densities will result in a greater density of plant roots in the soil, thereby resulting in
higher bulk densities through soil compaction around roots. Additionally, increasing plant
abundances may be supported by increasing levels of soil zinc, an essential plant
micronutrient that was found in sufficient levels across all plots.
Shannon’s diversity (H) and equitability (E) of native species across the combined
overstory and midstory were both significantly and positively related to average soil Zn
and Mg levels, while the combined abundance of native individuals in the midstory and
overstory was positively related to average soil Zn and negatively related to average P
(Table 3.4). Magnesium is an essential plant macro-nutrient that was found in sufficient
levels across all plots. If greater amounts of Mg are available in the soil, the soil can
support the growth of more plants, and potentially a greater diversity of plant species.
Because higher Shannon’s H values are not always indicative of higher values of E, their
independent relationships with soil Mg are not necessarily expected to be similar.
However, that the positive relationship between soil Mg levels and Shannon’s E is
stronger indicates the relative importance of the even distribution of species throughout
the community, even if community diversity is low.
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Table 3.4 Results of stepwise multiple regression models revealing relationships between soil attributes and ecological indicators.
F
Adj. Independent
Std.
Ecological Indicator
Dfs
B
Beta t
p
VIF
change
R2
variable(s)
Error
All strata species richness*
6.343 (1,14) .478 Avg. bulk density
16.419 4.969 .597
3.304
.005
Model 2
Avg. Zn
1.326
.527 .455
2.519
.025 1.001
Over + Mid diversity**
11.173 (1,13) .768 Avg. Zn
.091
.028 .473
3.284
.006 1.433
Model 3
% Silt
0.28
.008 .452
3.683
.003 1.037
Avg. Mg
.003
.001 .489
3.343
.005 1.476
Over + Mid equitability*
5.879 (1,14) .537 Avg. Mg
.001
.000 .729
4.211
.001
Model 2
% Silt
.005
.002 .420
2.425
.029 1.035
Mid + Over native abundance** 13.640 (1,14) .624 Avg. Zn
13.265 2.756 .775
4.812
.000
Model 2
Avg. P
-10.131 2.743 -.595 -3.693 .002 1.104
Overstory diversity***
15.19 (1,15) .470 Avg. Total C
.420
.108 .709
3.897
.001
Midstory diversity*
Model 3

5.542

(1,13)

.689

Avg. Zn
% Silt
Avg. Fe

.166
.040
-.007

.033
.012
.003

.703
.512
-.360

5.012
3.365
-2.354

<.001 1.014
.005 1.191
.035 1.201

Canopy gaps*

5.596

(1,15)

.223

Avg. Zn

.052

.022

.521

2.366

.032

Invasive vegetation***
Model 2

15.767

(1,14)

.649

% Clay
Avg. Fe

5.389
-.532

1.165
.126

.707
-.644

4.627
-4.214

<.001 1.063
.001

Fine woody debris*
Model 3

15.971

(1,12)

.856

Avg. pH
Avg. P
Avg. Na

37.469
-4.635
8.558

6.256
1.080
2.852

.936
-.594
.492

5.989
-4.292
3.000

<.001 1.463
.001 1.147
.011 1.609

-

*p ≤.05, **p <.01, ***p <.001
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The explanation for the positive relationship between the abundance of native overstory
and midstory individuals and soil Zn levels is likely due the high contribution of midstory
individuals to combined native abundances at each plot; thus, species dominant in the
midstory are likely contributing the greatest influence on this trend (see within-strata
diversity results). The negative relationship between soil P levels and abundance of
native individuals may indicate that as plants become more abundant, demands on the
availability of this limited macronutrient will increase, potentially leading to lowered P
levels in the soil at some sites
Within-strata diversity
Overstory tree diversity was significantly and positively related to the average
total C in soils (Table 3.4, pp. 79). Soil C improves soil structure, thereby decreasing bulk
density, and improving water holding capacity which can support tree growth. Greater
overstory diversity may also be related to grater carbon sequestration in the soil. The
finding that overstory diversity in particular is positively related to increases in total C in
soils is consistent with the findings of a recent study that investigated the relationship
between plant biodiversity and soil carbon in natural ecosystems. The researchers found
that increases in plant diversity had a positive effect on soil organic carbon storage in
several different ecosystem types, including forests (Chen et al., 2018).
Midstory diversity was most significantly related to average Zn, followed by
percent soil silt and average iron (Table 3.4). Since midstory diversity was significantly
positively related to midstory vegetation abundance, the positive relationship between Zn
levels and midstory species diversity could be related to the ability for soils with
increasing Zn levels to support greater densities of midstory vegetation. Silt is a primary
component of the soil across Sharp’s Ridge, directly influencing what species can persist
there, so native species are expected to be well-adapted to these soils. The positive
relationship between the proportion of silt in soils and plant diversity may be explained
by the physical properties of silt compared to sand, including water retention and the
enhanced ability of nutrient uptake by plants, allowing for a greater diversity of species to
be supported (Sheard, 1991). The negative relationship between midstory diversity and
Fe levels is unclear, though Fe toxicity is associated with acidic soils, which may explain
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decreases in diversity if certain species avoid or are intolerant of higher Fe levels in soils.
Understory diversity was not significantly related to any soil attributes.
Plot-level impacts
The proportion of gaps in the forest canopy is a result of the abundance of trees in
the overstory and the health of those trees. More canopy openings would be indicative of
fewer overstory trees or overstory trees in poor health. The finding that the proportion of
canopy gaps was significantly and positively related to soil Zn (Table 3.4, pp. 79) directly
contradicts the finding that greater native abundances across strata are associated with
greater Zn levels. Understanding the relationship between soil Zn and canopy gaps
requires further investigation into other factors that may be influencing this trend.
Invasive vegetation impacts were significantly positively related to the percent of
clay in the soil and negatively related to soil Fe levels (Table 3.4). The soils across
Sharp’s Ridge were comprised primarily of sand and silt (Fig. 3.3, pp. 74), which
promotes the growth of certain species types adapted to these conditions (BárcenasArgüello et al., 2013; Hulshof & Spasojevic, 2020) while the lower proportion of clay
limits certain species types. Clay is also denser and more resistant to water movement
than sand and silt, which can inhibit root growth in plant species adapted to loamy soils.
Therefore, perhaps invasive species with aggressive root systems are capitalizing on this
limitation and taking advantage of an open niche in soils with higher clay contents. In a
study that investigated the relationship between exotic invasive species and soils in urban
wetlands it was found that soil texture affected the proportion of invasive vegetation and
differed between invasive and native species (Ehrenfeld, 2008). Gornish and Ambrozio
dos Santos (2016) also found that soil type was a dominant factor of invasive species
cover. As with midstory diversity, the negative relationship to Fe levels is unclear, and
may be a result of potential Fe toxicity in acidic soils (Kimmins, 1997). Plant invaders
that alter soil properties (e.g. via allelopathy) or thrive in disturbed habitats can readily
outcompete native plants that rely on fungal associations or are sensitive to changes in
soil properties and to disturbance (Hierro and Callaway, 2002; Callaway, 2008).
The relationship between the proportion of fine woody debris and soil attributes
revealed fine woody debris cover is most significantly related to soil pH, followed by
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average P and average Na. Fallen leaf litter and decaying materials have a direct impact
on soil acidity, so it is unsurprising that fine woody debris is related to soil pH (Tóth et
al., 2011). What is interesting is that the greater proportion of fine woody material is
related to increases in soil pH, which may help inform management decisions in urban
forested natural areas where highly acidic soils may be a concern. The negative
relationship between soil P levels and fine woody debris could be the result of greater
abundances of vegetation (discussed earlier) being generally associated with greater
amounts of woody debris. The explanation for the positive relationship between soil Na
and the proportion of fine woody debris is unclear but may be associated with the
chemical composition of the plant species present, which directly influences the chemical
composition of forest litter (Kimmin, 1997).
For all forest indicators discussed, there are considerable limitations in relating
soil attributes to plot-level indicators, primarily due to sampling scale and strategy. While
multiple soil cores were collected in each subplot and the locations across the plot were
intended to capture the greatest plot coverage, soil core properties will be influenced by
vegetation in closer proximity to the coring location than more than distant vegetation.
Differential nutrient requirements between different species will influence local soil
conditions while overstory trees and roots will influence soil properties across broader
spatial scales. Plot-level impacts may not be uniformly distributed across the plot. More
reliable interpretations of the relationships between forest indicators and soil attributes
requires collecting samples at appropriate scales and / or experimental manipulation.

Conclusions
As complements to vegetation inventories, baseline soil surveys in urban areas
can help inform recreation management and environmental restoration efforts, and help
minimize soil losses, pollution, disturbance, erosion, compaction, and risks to human
health in urban forests (Scheyer & Hipple, 2005; Pavao-Zuckerman, 2008). This study
presented findings of a comprehensive ecological assessment of vegetation and soils and
relationships between soil attributes and key indicators of forest health in 17 1/10-acre
plots across a 42-acre parcel of urban forested natural area. These data can be used to
inform recreation, vegetation, and soil management to aid in park trail placement and
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design, prevention of soil-related failures and soil erosion, and the habitat conservation
for both native urban biodiversity and migratory birds. This study could be expanded
further by investigating the content of heavy metals and other pollutants in the soil, as
well as the microbial soil community. Further investigation of the relationships between
community-level forest indicators and soil chemistry, as well as consideration of soil
biotic factors not included in this study, could shed light on plant-soil feedback dynamics
in urban forested areas (Bennet & Klironimos, 2019). To enhance ecosystem services and
biodiversity conservation in urban areas, land managers should consider both vegetation
and soils in ecological assessments of urban natural areas.
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Appendix 3

Fig. A3.1 Soil map for the 42-acre parcel at Sharp’s Ridge (Web Soil Survey, 2019).

Fig. A3.2 Ecological assessment plot diagram for attribute collection at each field site. Image
borrowed from Natural Areas Conservancy Protocol (unpublished document).
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Table A3.1 Soil map legend for Area of Interest presented in Fig. A3.2. (Web Soil Survey, 2019).

Note: Apison-Montevallo (Am) soils are loamy/shaly soils commonly found on ridgetops with
varying depths and characterized by shale or siltstone material with sandstone, derived from
residuum or colluvium. Salacoa (S) is the deepest, most well-drained soil in this complex, derived
from colluvium. The AMS complex are found in steep mixed woodlands. Urban land-Udorthents
are typical in urban areas where soils have been modified by cutting, filling, or mechanical
disturbance.
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PART IV: CONCLUSION & IMPLICATIONS
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Overview
The primary objectives of this research study were to use traditional field
techniques and drone remote sensing to quantify and characterize urban forest condition
and composition (vegetation and soils) in a 42-acre parcel of urban forested natural area
to inform conservation management. I first conducted comprehensive ecological
assessments of vegetation, soil, and plot-level impacts at 17 1/10-acre sampling plots.
These data were used to summarize key ecological indicators (compositional and
conditional) of urban forest health and characterize the textural, physical, and chemical
attributes of the soil at each plot. Secondly, I investigated statistical relationships between
both soil attributes and vegetation index values derived from drone imagery and
ecological indicators to identify both bottom-up and top-down correlates of urban forest
composition and condition.
Across all plots and forest strata, over 2,000 individual plants were inventoried. I
found that the forest on Sharp’s Ridge is biologically diverse (Shannon’s H values >2.5)
and dominated by at least 129 native species. Conservation concerns included overstory
trees in declining condition, canopy gaps and vines, and the widespread presence of
anthropogenic dumping and non-native invasive species, of which 11 different species
were found.
Soil analyses revealed acidic loam, sandy loam, and silt loam soils (pH 4.31 to
6.08), predominantly ideal bulk densities for plant root growth, sufficient levels of plant
micro-nutrients (Ca, B, Fe, Mn, Na, and Zn) and macronutrients (Mg) for plant growth,
moderate to high levels of K, and low soil P levels. Relationships between soil attributes
and ecological indicators were investigated, revealing significant relationships between
soil attributes and native species diversity, equitability and abundance, invasive species
impacts, and fine woody debris on the forest floor.
With the assistance of a drone pilot, I used drone remote sensing at 12 of the 17
plots to statistically investigate relationships between four vegetation indices derived
from drone imagery and ecological indicators to assess the accuracy of a novel drone
application in urban forest management. Results of the regression models revealed
significant relationships between values of Normalized Difference Vegetation Index
93

(NDVI), Normalized Difference Red-Edge (NDRE), and Green NDVI and ecological
indicators of overstory tree vigor, canopy gaps and vines, anthropogenic dumping, and
invasive species impacts.
Implications
The 200+ acre forested area on Sharp’s Ridge boasts a diversity of natural and
social amenities. This is the first implementation of the Natural Area Conservancy’s
standardized ecological assessment, specifically developed for the management of urban
natural areas, in Knoxville, Tennessee. Ecological data can be used to inform recreation
decisions such as park trail placement and design, while also compatibly conserving
habitat for both native urban biodiversity and migratory bird species. As complements to
vegetation inventories, baseline soil surveys inform park management and environmental
restoration efforts, aid in minimizing soil losses, pollution, disturbance, erosion,
compaction, and risks to human health in urban forests (Scheyer & Hipple, 2005; PavaoZuckerman, 2008). Without this information, it is impossible to sustainably manage and
conserve these valuable resources for the enjoyment and use by future generations of
Knoxville residents and non-human organisms. Despite this, it is important to consider
the challenges and limitations of this research.
When considering conservation objectives in urban natural areas, there are several
important considerations to achieving both practical and research goals. Working closely
with land managers and stakeholder groups early-on in the process is critical to outlining
project objectives and timely incorporation of results. For example, although preserving
vital migratory bird habitat was one of the objectives for the stakeholders of the 42-acre
parcel, achieving this objective would require more data on the preferred habitat,
vegetation, and food sources of species of conservation interest or concern. These data
were beyond the scope of this project.
Time and coverage constraints pose considerable obstacles to presenting accurate
results and implementing findings. Conducting ecological assessments across a greater
area of the parcel may improve characterization of vegetation, soils, and conservation
concern, strengthen statistical power by increasing sample size, and likely reveal a greater
diversity of urban forest conditions, but this would require adequate training of a larger
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field crew to improve efficiency. Across all plots, a total of 1.7 acres were inventoried,
which took considerable time and effort for a two-person field crew. Low coverage is a
limitation of accurately representing forest condition and composition across the parcel.
The likelihood of accurately representing forest conditions may be increased by random
selection, as was the approach in this study which enabled statistical investigations of
ecological indicators. However, for practical considerations, stakeholders may prefer to
target specific areas of conservation interest or concern. There are considerable trade-offs
between acquiring more data to improve understanding of forest indicators and the time,
effort, and expertise required to collecting additional data.
Incorporating new technologies for collecting data in urban natural areas is the
future of improving their ecological monitoring and conservation management. This
study demonstrated the use of an optical multispectral sensor for establishing statistical
relationships between vegetation indices derived from drone imagery and urban forest
conditions on the ground. Though this process would benefit from the addition of more
ecological sampling plots to increase sample size, it may be possible to collect data in a
subset of the urban forest and establish statistical relationships between drone and
ground-reference data to expand this drone application across larger urban natural areas,
thereby greatly improving the efficiency of identifying areas of conservation concern and
setting management priorities. Drones can provide higher spatial resolutions that enhance
local-scale, site-specific management of urban forest stands. They can be equipped with a
variety of different sensing instruments to collect a greater variety of data in urban natural
areas. The current untapped potential of drone remote sensing for urban forestry will
undoubtedly advance conservation management of urban natural areas. Despite this
potential, establishing reliable protocols for using drones in urban forest management is
needed. We encountered limitations in drone remote sensing including complications
with image stitching due to the steeply sloped landscape, line-of-sight visibility concerns,
and software. Social implications of drones in urban settings may also be an ethical and
moral concern for urban residents, and several authors have explored this emerging topic
(e.g. Sandbrook, 2015; Ronchi, 2017; Chamoso et al., 2018).
Knoxville, Tennessee is at a critical stage of urban expansion, and central to its
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branding to draw in new residents are abundant, expanding urban greenspace and outdoor
recreation opportunities. The comprehensive ecological information gleaned from this
study provides both above-canopy and below-ground perspectives of the ecological
health of this urban forest and sets a precedent for ecological management in Knoxville.
This assessment and technological application can be expanded across the city of
Knoxville to improve policy, planning, and management decisions for urban natural
areas. Urban greening projects can have profound effects on the lives of urban residents,
both positive in the form of human-nature interactions and negative as in the many cases
of eco-gentrification unfolding in expanding cities throughout the U.S. (Wolch et al.,
2014). It is imperative that implementation of the ecological approaches outlined in this
study not only benefit the health of Knoxville’s urban forests, but also that of all residents
with regard to the fair and equitable distribution of and access to quality urban
greenspace. Further research investigations of urban natural areas include their
geographic distribution in relation to sociodemographic and economic factors, and social
factors such as perceptions and barriers to use of urban natural areas. By incorporating
these strategies and values and supporting further research, the city of Knoxville has the
opportunity to lead urban forest management across the state of Tennessee.
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